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This volume is dedicated 

to our dear friend Prof. Yoshiaki Ogawara 

without whose selfless contributions 
the satellite Yohkoh would not have come into existence 



Memorial: Prof. Keizo Kai (1934-1991) 

Keizo Kai, Professor of Astronomy and Director of the Nobeyama Solar Radio 
Observatory, played a major role in the development of solar physics in Japan. His 
research work always centered on high energy solar physics, especially in the joint 
interpretation of radio/X-ray bursts. His career began in the early 1960's at the 
Tokyo Astronomical Observatory (later the National Astronomical Observatory). 
He participated in the early development of the Nobeyama Radio Observatory and 
made two extended visits to the Culgoora Solar Observatory in Australia. These 
visits produced many fascinating discoveries, and these led to his great motivation 
for the development of the Nobeyama Solar Radio Observatory, and especially 
for the creation of the recently-completed 17 GHz radioheliograph. He served as 
Director of the Nobeyama Solar Radio Observatory until the end. He also strongly 
encouraged the development of Yohkoh and served as the Principal Investigator 
of its Hard X-ray Telescope. Many of the results presented at the conference 
represent his observational dreams. 
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I. Magnetic Atmospheres of the Sun and Stars 

1.1. The Solar Corona, the Magnetic Atmosphere 
of the Sun 



CORONAL STRUCTURES, LOCAL AND GLOBAL 

L. W. ACTON 
Montana State University 
Bozeman, Montana 59717 USA 

Abstract. The purpose of this paper is to present an overview of the 
magnetic topology and physical properties of the sun's corona, as revealed 
primarily by X-ray imagery. 

1. Introduction 

Stellar observations in the visible, as well as theoretical work on stellar 
evolution and energy generation, gave no hint that stars might possess at
mospheres hot enough to produce X-rays. However, two independent lines 
of research caused early workers to postulate that the outer envelope of 
the sun had unexpected energetic properties. Firstly, eclipse observations 
revealed a corona of much greater extent than expected for hydrostatic equi
librium at the photospheric temperature. Also, very broad coronal emission 
lines suggested that the sun is surrounded by a million degree outermost 
atmosphere. Secondly, the presence of ionized layers high in the atmosphere 
of the earth, which reflected radio waves, required an ionizing source. Re
garding the latter E. O. Hulbert (1938) wrote, ' ... (layer) E is caused 
by a moderately penetrating solar radiation which approximately travels 
in straight lines into the terrestrial atmosphere and is absorbed exponen
tially. The radiation might be ultraviolet light, X-rays or particles of zero 
average charge." Finally, Edlen (1952) identified the coronal emision lines 
as transitions in highly ionized atoms produced by a very hot corona. 

Now, thanks to observations from space, it is known that X-ray emission 
is a common property of rotating stars with convective envelopes. Such stars 
are magnetically active. This is seen as the cause of the coronal activity 
and emission. The form of the corona will reflect the form of the coronal 
magnetic fields - as modified by evolution, reconnection, and stellar winds. 

The sun provides the opportunity to observe the magnetic topology of 
a corona in detail. While the coronas of other stars might be quite differ-
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ent in ways that are difficult to predict, they will undoubtedly have many 
characteristics in common with the solar example. Thus, it is reasonable 
to organize a symposium such as this one, which considers the sun as a 
prototype system for the broader population of magneto-active stars. 

2. X-ray Imagery 

The X-ray observability of coronal magnetic structures depends both upon 
the properties of the plasma and the telescope. Density and temperature, 
which reflect heating, trapping and energy loss processes, are the dominant 
physical factors. For the case of the SXT, image brightness responds pri
marily to increasing plasma temperature up to about 3 MK beyond which 
the square of the electron density is dominant. 

The appearance of the X-ray corona is determined by the configuration 
of the coronal magnetic fields. The coronal fields are, in turn, rooted in the 
photosphere where flows, field eruptions, and subsidence provide a source 
surface of constant change and turmoil. Within the corona the magnetic 
field topology is modified by coronal processes such as relaxation, recon
nection and eruption. In rare cases the plasma beta is sufficiently high that 
coronal gas pressure may play a detectable role in shaping coronal struc
tures. 

Notably, the solar magnetic cycle requires that all of this structural 
complexity be processed cyclically, ever seeking but never reaching stable 
equilibrium. The appearance and radiative output of the X-ray corona di
rectly reflects the cyclical variation of the photospheric magnetic activity. 
However, on a moment to moment basis we have not successfully related 
coronal effects to photospheric field evolution. It seems analogous to a clock 
which is driven by the mainspring but the ringing of the alarm is controlled 
by other factors. 

3. Geometrical Properties 

The X-ray corona comprises: 

- bright local structures associated with active regions, 
- larger magnetic loops of intermediate brightness which connect strong-

field centers of activity, 
- a more diffuse component within large closed-field structures underly

ing coronal streamers, 
- coronal holes - faint regions within which the field lines are predomi

nantly open to space or sufficiently extended as to be effectively open 
as far as plasma trapping and containment are concerned. 
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Figure 1. Composite of an X-ray image from SXT and a white light coronagram from 
the HAO Mk III coronagraph on Mauna Loa for 1992 May 8. North is at the top and 
east to the left. The black region at the solar south pole is the occulting disk of the 
coronagraph. The enhanced brightness near the outer limits of the coronagram, most 
prominent in the northwest, is an artifact. 

The spatial relationship between the X-ray (thermal emission) and white
light (electron scattered) corona is illustrated in Figure 1. The X-ray image 
has an intensity range of greater than 105 so is displayed with a logarith
mic intensity scale. Note the good correspondence between extended X-ray 
corona and white light streamers. 

One of the most striking properties of the corona, immediately evident 
in the earliest X-ray images, was the non-uniformity of coronal brightness. 
As telescopes improved it became obvious that X-ray emission was largely 
confined to magnetic "loops" whose length was considerably longer than 
their cross-sectional diameter (Viana, Krieger and Timothy, 1973). 

Some details of X-ray structures are shown in figure 2. The following 
types of features are illustrated: 
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A. Large helmet arcade (1992 Jan 25 08:15). 
B. Loop with cusp at the limb (1991 Oct 25 23:12). 
C. Eruptive feature, 30 km/sec (1991 Nov 5 21:24). 
D. Small, symmetrical flaring loop (1992 Jan 15 10:44). 
E. Two cusped loops (1991 Oct 24 22:28). 
F. Active region loops and twisted X-ray jet, 200km/sec (1991 Oct 3 

05:20). 
G. Sinuous loops between active regions (1992 Jan 16 09:30). 

The discovery by SXT of X-ray loops with a cusp at the top is taken as 
evidence for magnetic reconnection at higher levels. Helmet arcade struc
tures as illustrated in panel A form following coronal mass ejections. The 
beautiful sinuous structure ofthe inter-region loops in panel G demonstrate 
the helicity of the coronal magnetic fields. 

4. Physical Properties 

The X-ray emissivity of the corona is strongly non-uniform. This is illus
trated in Figure 3. The north polar coronal hole is very faint - barely 
detectable with SXT. At the 4 o'clock position about 0.8 of the way to the 
limb is a long thin loop with its eastern end anchored in a faint X-ray bright 
point. Strong, et al. (1992) have shown that it is common for X-ray bright 
points to inject energetic particles into adjacent long loops. However, the 
process is quite discrete, as shown here, and does not result in the heating 
of very much corona. 

The large loop system near the equator at the east limb is expanding. 
The physics of loop expansion is not well understood theoretically although 
it is a common feature of SXT movies. 

The lower panel of the figure quantifies the extreme non-uniformity of 
coronal radiance. The 3 levels of gray and white delineate areas wherein 
the soft X-ray intensity falls within specified limits as given in Table 1. 
The white circle indicates the limb of the sun. Black contours separating 
the gray areas are included for clarity. Each contour reports a change in 
intensity of approximately a factor of 15. The total area corresponds to the 
detectible corona, i.e., excluding the black background. 

The conversion of SXT signal to solar X-ray flux requires specifying the 
temperature of the source and the spectral passband of interest. Analysis of 
SXT filter ratios gives 3 MK as a characteristic temperature of the corona 
in 1992. Once a temperature is specified the choice of passband is somewhat 
arbitrary as the flux is derived by integrating over the synthetic spectrum 
of Mewe et al. (1985, 1986). The passband of the thinnest SXT filter is 
roughly 3 - 40 A. However, to better illustrate the total X-ray radiance of 
the sun the intensity levels of Table 1 and the radiance curve of Figure 4 
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Figure 2. Examples of coronal X-ray structures observed by the SXT. The horizontal line 
segment in each panel indicate an angle of one minute of arc, equal to about 43,500 km 
on the sun. 

are expressed in terms of the integrated X-ray flux below 300 A. Differen
tial emission measure model calculations indicate that these assumptions 
provide X-ray radiance values which are better than a factor of two except 
in extreme cases. 

Table 1 Radiation from the 92 May 8 Corona 

Level Lower Intensity Temperature Fractional Fractional 
Threshold (MK) Area Radiance 

(erg/ cm2 /ster) 
Dark gray 20 2.0 0.75 0.095 
Med gray 4.7x 102 2.2 0.23 0.34 
Light gray 7.0x103 2.8 0.017 0.43 
White l.Ox 105 5.6 0.0008 0.13 
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Figure 3. (Top) An enhanced SXT image of the X-ray corona on 1992 May 8 using a 
logarithmic scaling. The intensity range of the original image is 300,000. North is up and 
east is to the left. (Bottom) The distribution of image intensity as a contour diagram 
with four logarithmically spaced intensity intervals. 



9 

Yeor 

Figure 4. Change in X-ray appearance and radiance of the sun over a 3.5 year period. 
Units of radiance are erg/sec in the 0-300 A band. 

There is the following rough correspondence between these intensity regimes 
and coronal features. 

Dark gray 
Medium gray 
Light gray 
White 

Diffuse corona and coronal holes. 
Inter-region loops and coronal arcades 
Active regions. 
Hot cores of active regions. 

Note that less than 2 percent of the area is responsible for over half of the 
X-ray signal. Accounting for the 3-dimensional structure of the corona, the 
concentration of most of the emission into a tiny fraction of the coronal 
volume would be even more emphasized. The temperature given for each of 
the intensity bands is an average derived from the first year of the Yohkoh 
mission (1991 November to 1992 November). 

5. Temporal Properties 

It has been established from the earliest satellite measurements (Acton et 
al. 1963) down to GRO that the sun's X-ray emission is highly variable 
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Figure 5. Gowth of an arcade of X-ray loops following a prominence eruption on the east 
limb on 1992 July 31. The images have been displayed with a reversed color table. Each 
image is 11.5 arcmin square. All but the last 2 images were taken with 10"x10" pixels. 

on all time scales - down to the limit of measurement. Yohkoh has offered 
the best opportunity yet to relate this variability to magnetic structures 
in the atmosphere of the sun. Figure 4 illustrates the remarkable change 
in the appearance of the X-ray corona, and the factor of 100 peak to peak 
decrease in solar X-ray radiance, over a 3.5 year period. Each data point 
in the radiance curve has been derived from a single SXT image. Flares 
have been excluded. The 0-300 Aband has been chosen for convenience to 
include most of the coronal emission. The absolute value is expected to be 
correct to about a factor of 2 - based upon modelling of the effect of using 
an isothermal assumption (3 MK) for the conversion of signal to radiance 
(to be published). 
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Magnetic instabilities leading to large scale eruptions appear to play an 
important role in the evolution of coronal structure. Figure 5 shows the 
growth of a long arcade of X-ray loops following the eruption of a promi
nence.which occurred near 1992 July 31 00:00 UT. On a full-disk X-ray 
monitor this appeared as a weak gradual flare. The prominence eruption 
was well observed by the Nobeyama radioheliograph at 17 Ghz. (Hanaoka, 
et al. 1994) It was well on its way by 00:13. At that time a dimming of the 
high X-ray corona was observed by SXT above this position angle. It is too 
subtle to be seen in this figure. That dimming was caused by the sweeping 
out of the corona by the coronal mass ejection which preceded the cool 
prominence material. The X-ray arcade is clearly a result of magnetic re
connection behind the erupting prominence. These observations are broadly 
consistent with the eruption-reconnection scenario treated by Carmichael, 
Sturrock, Hirayama, Kopp and Pneuman (the CSHKP model) and now 
considered the "standard" model of such eruption-flare events. 

Acknowledgements I am deeply indebted to the ISAS, NASA and the 
Yohkoh Team for the work that has made the SXT such a great success. 
The U.S. Yohkoh effort is supported by NASA contract NAS8-37334 with 
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DYNAMICAL PROCESSES IN THE SOLAR CORONA 

- X-ray Jets and X-ray Plasma Ejections from Impulsive Flares -

KAZUNARI SHIBATA 
National Astronomical Observatory 
Mitaka, Tokyo 181, Japan 

Abstract: YohkohjSXT discovered X-ray jets ejected from microflares 
and X-ray plasma ejections (loop-like or blob-like ejections; the latter are 
often referred to as plasmoids) from impulsive compact loop flares. The 
fundamental properties of these newly discovered hot plasma ejections are 
reviewed. A unified scheme based on the magnetic reconnect ion hypothesis 
is presented to understand these mass ejections. 

1. Introduction 

YohkohjSXT (Tsuneta et al. 1991) has revealed that the solar corona is 
much more dynamic than had been thought; i.e., the corona is full of tran
sient loop brightening (microflares) , jets, various mass ejections, and so 
on. They are important not only for understanding coronal dynamics but 
also for clarifying coronal heating mechanism and solar wind acceleration 
mechanism. 

In this article, I would like to review the fundamental properties of the 
newly discovered mass ejections in the corona, i.e., (1) X-ray jets ejected 
from microflares, and (2) X-ray plasma ejections from impulsive compact 
loop flares. On the basis of these observations, I will propose that these mass 
ejections and various flares (microflares, impulsive flares, and LDE flares) 
can be understood in a unified scheme in which the magnetic reconnect ion 
associated with plasmoid ejections plays a key role (Shibata 1996). 

2. X-ray Jets 

X-ray jets have been discovered as transitory X-ray enhancements with 
apparent collimated motion (Shibata et al., 1992b, 1994a,b, 1996a, Strong 
et al. 1992, Shimojo et al. 1996a,b). Almost all jets are associated with 
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a Anenome jet 
9 Fob. 1993<:ONIIlT 

b Two·sided loop 
n Apr. 1992 7:0I;'91lT 

Bright loop 

Figure 1. SXT images of two types of interaction of emerging flux with overlying coro
nal magnetic fields. (a) Anemone-Jet type observed on 9 Feb. 1993. (b) Two-sided-loop 
type observed on 23 Apr. 1992. Schematic illustration of (c) Anemone-Jet type and (d) 
Two-sided-loop type (from Yokoyama and Shibata 1995). 

microflares or subflares. The length and the apparent velocity of the jets 
are 103 -4 X 105 km and 10-1000 km/s. The number of jets decreases as the 
length, the width, or the velocity increases. This trend is more clearly seen 
in the distribution of the lifetimes of the jets; the number of jets decreases 
as the lifetime increases from 100 sec to 10 hours, and shows a power-law 
distribution. 

According to the preliminary analysis by Shimojo et al. (1996b), the 
temperature of some small jets in active regions is 4 - 6 MK and is com
parable to that of microflares at the footpoints of the jets. The estimated 
electron density of the jets ranges from 3 X 108 cm -3 (for larger jets) to 
5 X 109 cm-3 (for smaller jets). The kinetic energy is estimated to be of 
the order of 1025 - 1028 erg. Shimojo et al. (1996a) found that in many 
jets the width of the jets is nearly constant or decreases with height (i.e., 
converging shape), which is similar to the shape of Ha surges observed in 
emerging flux regions (Kurokawa and Kawai 1993). 

Many jets are ejected from emerging flux regions (EFRs) or unresolved 
X-ray bright points. Shibata et al. (1994b) examined how jets are ejected 
from well resolved emerging flux region, and found that jets are formed as 
a result of an interaction between emerging flux and pre-existing coronal 
magnetic field. There are basically two types of interaction, depending on 
the place where emerging flux appeared (Fig. 1). One is the case where 
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emerging flux appears in coronal holes and is called the anemone-jet type. In 
this case, a jet is ejected in a vertical direction along open (vertical) coronal 
field. The footpoint of the jet is usually seen as an anemone-type active 
region. 1 The other is the case where emerging flux appears in quiet regions 
and is called two-sided-loop/jet type. In this case, two loop brightenings (or 
jets) occur in the horizontal direction at both sides of the emerging flux. 

2.1. RELATION TO MICROFLARES 

Shibata et al. (1996b) studied the relation between microflares and jets in 
some emerging flux regions. Figure 2 shows time variation of the total soft 
X-ray intensity of the active region NOAA 7176 from its birth on 19 May 
1992 to 24 May 1992. This region appeared in a coronal hole and showed 
characteristics of an anemone-jet type. The short vertical lines in the figure 
show the time when the jets are ejected. It is remarkable that more than 
20 jets were produced in the 5 days after the birth of the region. It is 
interesting to note that the emerging flux region began to decay just after 
ejecting several jets on 21 May, suggesting that the jets might playa role 
in active region decay. Detailed analysis of SXT images of this region show 
that all jets during these 5 days were associated with microflares (see sharp 
spikes in the intensity curve of Fig. 2). On the other hand, the fraction of 
microflares associated with jets is about 60 percent. Since the probability 
of detection of jets is not 100 percent because of the limited time cadence of 
observations, this would suggest that more microflares may be associated 
with jets. 

It should be noted here that these microflares are seen as transient loop 
brightenings in SXT images (Shimizu et al. 1992, Shimizu 1995). From com
parison of NSO /Kitt Peak magnetogram with SXT images of many jets, 
Shimojo et al. (1996b) found that more than 70 percent of X-ray jets are 
ejected from the mixed polarity regions such as satellite spots embedded 
in opposite polarity regions. They also found that if the magnetic field is 
closed, only transient loop brightenings occur even if the magnetic polar
ity is mixed. This suggests that the transient loop brightenings may be 
physically the same as X-ray jets as illustrated in Fig. 1. 

2.2. RELATION TO Ha SURGES AND TYPE III BURSTS 

Although there are many Ha surges which are not associated with X-ray 
jets (e.g., Schmieder et al. 1995), Shibata et al. (1992b), Canfield et al. 
(1996a,b), Okubo et al. (1996) found some examples showing both X-ray 

1 According to Sheeley (personal communication 1995), the anemone type active region 
was already discovered by Skylab (Sheeley et al. 1975). It was called fountain regions. 
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Figure 2. Time variation of the total soft X-ray intensity of the active region 7176 from 
its birth on 19 May 1992 to 24 May 1992 (Shibata et al. 1996b). This region appeared 
in coronal hole and and showed characteristics of anemone-jet type. The short vertical 
lines in the figure show the time when the jets are ejected. 

jets and Ha surges in the same direction. Canfield et al. (1996a,b) found 
several new observational signatures of magnetic reconnection in surges, 
that is, converging jootpoints and moving blue shifts. 

Kundu et al. (1995) found that a Type III burst was associated with 
an X-ray jet on Aug. 16 1992, and that the density derived from the X-ray 
jet is consistent with that derived from the Type III burst. The discovery 
of association with Type III bursts implies the existence of high energy 
electrons in these small flares and jets, and supports the view that the gen
eration mechanism of X-ray jets and microflares may be physically similar 
to that for larger flares. 

3. X-ray Plasma Ejections from Impulsive Compact Loop Flares 

Masuda et al. (1994,1995) discovered hard X-ray sources well above the soft 
X-ray loop in some impulsive flares observed near the limb, and suggested 
that magnetic reconnection is occurring above the soft X-ray loop. If the 
reconnection hypothesis similar to the CSHKP model is correct, the plas
moid ejection would be found high above the soft X-ray loop (Hirayama 
1991) as illustrated in Figure 4. Shibata et al. (1995) searched for such 
plasmoid ejections in the Masuda flare on 13 Jan. 1992, and indeed discov
ered X-ray plasma ejections high (around rv 105 km) above the hard X-ray 
source (Figure 3). 
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Figure 3. Soft X-ray (negative) images of X-ray plasma ejections found in the Masuda 
flare on 13 Jan. 1992 (Shibata et al. 1995). The upper three shows long-exposure images 
at 5 arcsec spatial resolution, and the bottom shows short-exposure images at 2.5 arcsec 
resolution (at nearly the same time) composited on the long-exposure images. The time 
in the brackets denotes the exact time when the short-exposure images are taken. 40 
arcsec correspond to about 29000 km. A careful examination of the long-exposure images 
revealed at least two very faint erupting features high (4 x 104 - 8 X 104 km) above the 
soft X-ray loop. They are indicated by the arrows A and B; the ejection A seems to be 
loop-like, and the ejection B looks more like a jet. The velocity of these ejections is about 
100 - 150 km/s. The onset of both ejections are nearly simultaneous with the hard X-ray 
impulsive peak. 

Shibata et al. (1995) further surveyed such ejections in 8 impulsive limb 
flares which were selected in an unbiased manner by Masuda (1995) with 
the following two selection criteria: (1) The peak count rate in the HXT 
M2-band (33 - 53 keY) exceeds 10 cts/s/subcollimator. (2) The heliocen
tric longitude exceeds 80 degrees. It is remarkable that plasma ejections 
were found in all 8 impulsive limb flares. The ejections seen were loop-like, 
blob-like, or jet-like. It was further found that the range of velocity of the 
ejections is 50 - 400 km/s. Interestingly, flares with hard X-ray sources well 
above (5 -10 arcsec) the loop top show systematically higher ejection veloc
ities. The size of the ejections is typically (4 - 10) X 104 km. The soft X-ray 
intensity of the ejections is 10-4 - 10-2 of the peak soft X-ray intensity in 
the bright soft X-ray loop. The strong acceleration of the ejections occurs 
nearly simultaneously with the hard X-ray impulsive peaks (Ohyama and 
Shibata 1996). 

Ohyama and Shibata (1996) analyzed the temperature and emission 
measure distribution of X-ray plasma ejections in some cases showing bright 
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Figure 4. A reconnection - plasmoid ejection model for compact loop flares. This is 
an extension of the CSHKP (Carmichael-Sturrock-Hirayama- Kopp-Pneuman) model of 
flares (Hirayama 1991, Moore and Roumeliotis 1991). Note that plasmas confined by a 
closed field (in two dimensions) or by a helically twisted flux tube (in three dimensions) 
are called plasmoids. The cool ('" 104 K) plasmas associated with the twisted flux tube is 
the filament or prominence. Hot (> 106 K) plasma ejections are expected to be associated 
with the twisted tube or expanding loop high above the reconnected (soft X-ray) loop. 
The cross-hatched region at the footpoints of the soft X-ray loop shows the bright hard 
X-ray Isoft X-ray double sources. The hatched region at the footpoints of the expanding 
(helical) loop penetrating the plasmoid shows predicted hard X-ray Isoft X-ray distant 
sources. 

blob-like ejections (often referred to as plasmoids), and found the following. 
The temperature of the plasmoids is ,....., 6 - 13 MK, the electron density is 
~ 1.5 X 1010 cm-3 . The temperature of the plasmoids is less than that of 
the flare loop. The thermal and kinetic energy of the plasmoid is an order 
of magnitude smaller than the thermal energy of the soft X-ray flare loop. 

4. Modeling and Interpretation 

Yokoyama and Shibata (1995, 1996a,b, Yokoyama 1995) successfully mod
eled the two types of reconnection of emerging flux with overlying pre
existing magnetic fields (Fig. 1) and the associated formation of X-ray jets 
and Ra surges in each case, by extending the previous numerical simula
tions (Shibata et al. 1992a). In these models, the reconnection produces not 
only hot/cool jets but also hot loops (Fig. 1). The latter would correspond 
to transient loop brightenings (Shimizu et al. 1992) and hence a part of the 
microflare process. 

These numerical simulations showed that the reconnection proceeds 
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with the formation and ejection of magnetic islands (plasmoids). In the 
Yokoyama and Shibata model, cool gas confined by magnetic islands even
tually become a cool jet (Ha surge), and hot gas surrounding an island 
become a hot jet (X-ray jet). This may be in some sense similar to the 
X-ray plasma ejection observed in impulsive flares (see Fig. 4 for a model). 
In fact, Ohyama and Shibata (1996) found that the temperature of the X
ray plasma ejection (plasmoid) is cooler inside than outside. (It should be 
noted here that the loop-like X-ray plasma ejection such as in Fig. 3 would 
correspond to a side view of the plasmoid ejection as shown in Fig. 4.) A 
model for impulsive flares accompanied by the plasmoid ejections has been 
developed by Magara et al. (1995) (see also Ugai 1989). 

Traditionally, the emerging flux model and the CSHKP model have 
been developed independently to explain compact loop flares and eruptive 
flares separately (e.g., Priest 1981). However, the new observations have 
revealed various common phenomena such as ejection of hot plasmas in 
various flares (Table I). It is now not easy to classify flares into two classes. 
In fact, statistical studies show no essential differences between larger flares 
and microflares (e.g., Shimizu 1995). On the other hand, recent numerical 
simulations showed also some common physical processes, such as an ejec
tion of plasmoids, in both the emerging flux model and the CSHKP model. 
Hence, I would like to propose that the flare phenomenon should be un
derstood in a unified scheme in which the ejection of plasmoids plays a key 
role in triggering fast reconnection. 

TABLE 1. Unified View of Various Mass Ejections from Flares 

Hot Mass Ejections 

X-ray jets 
X-ray plasma ejections 
CME 

5. Conclusions 

Cool Mass Ejections 

Her surges 
sprays or Her filament eruptions 
Her filament eruptions 

Conclusions are summarized in the following. 

Flares 

microflares 
impulsive flares 
LDE flares or giant arcades 

(1) Both X-ray jets and transient loop brightenings are part of mi
croflares. In open field regions, X-ray jets and loop brighenings are formed, 
whereas in closed field regions, only loop brightenings occur. 
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(2) Various observational signatures of reconnect ion have been found 
in X-ray jets and Ret surges. These are successfully modeled by Yokoyama 
(1995) and Yokoyama and Shibata (1995, 1996a,b). 

(3) Discovery of X-ray plasma ejections in impulsive flares gives us fur
ther evidence of reconnection (in addition to the Masuda's loop top RXR 
source) and leads to a unified view of mass ejections in flares (Table I). 
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HEATING MECHANISMS OF THE SOLAR CORONA 

T. SAKURAI 
National Astronomical Observatory 
Mitaka, Tokyo, Japan 

Abstract. Heating mechanisms of the solar corona are briefly addressed. 
Magnetic vs. non-magnetic, and DC vs. AC mechanisms are compared. 
AC or wave heating mechanisms are discussed, and future directions of 
research which is important in clarifying the contribution of wave heating 
are suggested. 

1. Introduction 

The magnetic fields on the sun and solar- type stars are created by an MHD 
dynamo process which is driven by the combination of differential rotation 
and surface convection. The magnetic fields thus created leads to various 
kinds of magnetic activity such as sunspots, flares, and the heating of the 
upper atmosphere. 

Decades ago the solar corona was thought to be heated (uniformly) by 
the dissipation of sound waves generated by the turbulent convection in 
the photosphere. However, the energy flux of upward-propagating sound 
waves was measured to be insufficient in heating the corona (e.g. Mein and 
Schmieder 1981). X-ray observations from space showed magnetic struc
turing of the solar corona; the corona is made of coronal magnetic loops 
(Vaiana and Rosner 1978). Therefore the heating is inherently connected 
to the magnetic field. 

2. Magnetic vs. Non-magnetic Heating 

At the photospheric level the magnetic field is inhomogeneous and is bun
dled into small-scale flux tubes (Stenflo 1976). The field strength in the flux 
tubes is about 1000 G, and the magnetic pressure inside the tube is of the 
same order of the gas pressure of the surrounding medium. The con centra-
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tion of magnetic flux into small-scale flux tubes is a natural consequence 
of the interaction between the magnetic field and the convective motion 
(Galloway et al. 1977). 

The magnetic field lines from the flux tubes fan out and fill the upper 
atmosphere above a height of 700-1500 km (the merging height) (Spruit 
1981). The presence of very cool ( < 4000K) material in the solar atmosphere 
indicates that the non-magnetic part of the atmosphere is not significantly 
heated (e.g. Solanki et al. 1994). Therefore, the current picture is that the 
solar atmosphere is made of two components, a magnetically-heated flux 
tube atmosphere which dissolves into the corona, and a weakly heated non
magnetic atmosphere which terminates at the merging height. 

Observations show that the mean magnetic field strengths on various 
stars scale as f B '" f2rotTconv, where f stands for the fraction of stellar 
surface covered with magnetic field of strength B, f2rot is the rotation fre
quency, and Tconv is the convective turn-over time (Noyes et al. 1984). The 
X-ray flux from stars scales as Fx '" f2;ot (Pallavicini et al 1981). How
ever, in the limit of small f2rot (i.e. small B), one still detects chromo
spheric and transition region activity, and these may reflect the existence 
of a non-magnetically heated atmosphere (basal heating) (Rutten et al. 
1991; Schrjiver 1992). 

3. AC vs. DC Heating Mechanisms 

The heating mechanisms of the coronae of solar-type stars can be divided 
into two classes according to the time scale of the driving motions Tdr and 
the dynamical response time scale of the coronal loops (Alfven time scale, 
TA). If the time scale of the driver is shorter than the Alfven time scale 
(Tdr < TA), waves are excited in the coronal loops. In the opposite case 
(Tdr > TA), the coronal loops are subject to quasi-static deformation due to 
footpoint motions. The former and latter cases correspond to AC and DC 
heating mechanisms. The DC mechanisms are combinations of slow energy 
build-up followed by bursty energy release. Therefore the DC mechanisms 
are essentially the same as the mechanisms for energy release in flares; the 
heating of the corona is attributed to miniature flares (micro-flares; Parker 
1988). The name 'DC' is misleading because it only implies the initial half 
of the process. Heating mechanisms associated with mass flows (spicules, 
transition region explosive events, jets) might also be classified as DC if the 
central mechanism is magnetic reconnection. 

The DC mechanisms are reviewed by G.Vekstein in these proceedings, 
and this review focuses on AC (wave) heating mechanisms. From statistics 
of microflares observed with Yohkoh (Shimizu 1995) and from a differential 
emission measure analysis of flares (Watanabe et al. 1995), microflares are 
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responsible for the high temperature (5 MK or hotter) component of the 
corona. This component is a transient component and is not the major 
energy container of the corona. The majority of coronal thermal energy 
resides in the stationary, 2MK component. This might be due to some 
wave heating mechanism. 

4. Physical Conditions in the Solar Corona 

The solar corona is made of a plasma of temperature T = 2 X 106 K and 
density ne = 108 - 9 cm-3 . Required heat input per unit area is derived from 
observations as (Withbroe and Noyes 1977) 

and 
1 X 107erg cm-2s-1 in active regions. 

By using an energy balance model one can estimate the volume heating 
rate ~H as (Rosner et al. 1978) 

-3 max -3 -1 ( T. )7/2 ( I )-2 
fH = 4 X 10 106K 109cm erg em s , 

where I is the length of the loop, and Tmax is the temperature at the loop 
apex. 

Some of the plasma parameters are summarized in TABLE 1. The 
plasma of the solar corona is collisional (collision times < characteristic 
time scale), and a fluid (MHD) description is applicable (mean-free-path 
< system size). The magnetic force dominates pressure and gravity forces, 
therefore it is a so-called 10w-,8 plasma, where ,8 = 87rp/ B2. Since Tene ~ 1 
and Tpnp ~ 1, the thermal conductivity and viscosity are anisotropic, and 
cross-field thermal conduction and viscous stress are orders of magnitude 
smaller than those along the field. 

5. Wave Heating 

5.1. ACOUSTIC WAVES 

According to the classical acoustic heating theory, the power of acoustic 
noise generated by turbulent convection is proportional to the 8-th power 
of the Mach number of the convective motions, and therefore is hard to 
estimate precisely. Recent, more elaborate analyses so far have been un
able to provide large-enough acoustic wave flux theoretically (N arain and 
Ulmschneider 1990) and observationally (Fontenla et al. 1993). Even if this 
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TABLE 1. Plasma Parameters in the Solar Corona 

collision times 
-2 (InA)-l ( X )3/2 ( n )-1 -2 

Te = 1.4 x 10 20 lOtK 109 C';n-3 S ~ 10 s 
1 1 A -1 ( T ) 3/2 n -1 

Tp = 8 x 10- (~o) lifK Cog C~-3) S ~ 1 s 

gyro-frequencies 
0. = 2 X 107 B S-l 

Op = 1 X 104 B S-l 

mean-free-paths 
7 (I A)-l ( T )2 ( )-1 ~.,p = 10 ~o 106 K 109 ~m-3 cm ~ 100 km 

difficulty is resolved, another problem is how to selectively heat the mag
netic part of the atmosphere. If the acoustic waves in the non-magnetic 
atmosphere excite other waves in magnetic flux tubes (Spruit 1981), the 
heating along the magnetic field lines may be explained. 

5.2. MAGNETIC WAVES 

Although waves in elementary flux tubes are not yet directly observed, 
waves localized in sunspots (umbral oscillations and running penumbral 
waves) have been observed. The absorption of acoustic waves by sunspots 
(Braun et al. 1988) also indicates a coupling of five minute acoustic oscilla
tions and sunspot magnetic fields. The fate of the absorbed acoustic wave 
energy is not yet clarified. It may escape upward into the upper atmosphere, 
or escape downward into the convection zone, or it may be dissipated in 
sunspots. 

Although Alfven waves are observed in situ in the interplanetary space, 
evidence for Alfven waves in the solar corona is inconclusive (Koutchmy 
et al. 1983; Rusin and Minarovjech 1991; Dermendjiev 1991). Turbulent 
line broadening of a few tens of kilometers per second observed in the 
transition region and in the corona may indicate unresolved waves (Hassler 
et al. 1990), but the wave modes have not been identified. 

5.3. DISSIPATION OF WAVES 

Compressive waves tend to steepen into shock waves and dissipate their 
energy (e.g. Kuperus et al. 1981). This is particularly true for slow-mode 
waves, and the observed decay of wave flux with height is presumably due 
to this effect. 

Fast-mode waves have longer wavelengths and suffer less steepening. 
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However, the increase in Alfven speed at the transition region deflects the 
fast-mode waves away from the corona. The observed decay of wave flux 
with height is for longitudinal wave motions and does not necessarily rule 
out the existence of the fast-mode waves in the corona. However, the fast
mode waves in the corona will propagate nearly isotropically, and it is hard 
to explain why the heating is localized in elongated loops. 

Alfven waves are incompressible and are able to carry energy into the 
corona. Contrary to compressive waves, the difficulty with the Alfven waves 
is to identify effective dissipation mechanisms. Nonlinear wave-wave cou
pling (Uchida and Kaburaki 1974), resonance absorption (Davila 1991), and 
phase mixing (Sakurai 1986) are examples of possible mechanisms. The ob
served nonlinearity of Alfven waves in the corona is small (OV/VA ~ 1/20), 
and so will be the nonlinear coupling. The resonance absorption and the 
phase mixing both come from a peculiar nature of the Alfven waves, namely 
their continuous spectrum. Which of the two is more effective depends on 
the nature of the driving motions and on the magnitude of nonuniformity 
in the Alfven speed in the corona. 

The resonance phenomena have the general property that, if the growth 
of wave amplitudes is limited by a dissipation mechanism, the amount of 
dissipated energy does not depend on the details of the dissipation mech
anism and is determined by the power of the driving motions. For a fixed 
amplitude of the motion which shakes a coronal loop at its feet, the wave 
amplitude excited in the loop is larger (smaller) ifthe resistivity or viscosity 
is smaller (larger), respectively, and the total dissipation is the same. The 
mechanism-independent dissipation rate determined by the driving source 
is generally sufficient for the heating of the corona. The expected wave am
plitude does depend on the efficiency of the dissipation mechanism. The 
more efficient the mechanism is, the smaller the amplitude of the excited 
wave. The consistency of a theory with observations is examined by com
paring the expected and observed wave amplitudes. Often the expected 
amplitude exceeds the observed wave amplitude or the magnitude of tur
bulent motions. It is not clear at present whether the discrepancy can be 
removed by refining the theoretical models. 

On the other hand if the wave amplitude is not limited by dissipation it
self but by another process (Le. the escape of waves, Hollweg 1984), the wave 
amplitude is independent of the dissipation mechanism, and the amount of 
dissipated energy is larger for a system of high resistivity/viscosity. Gener
ally the dissipation mechanism is not effective enough, so that the expected 
dissipation rate falls short of the required coronal heating rate. 
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5.4. FUTURE DIRECTIONS 

In order for a wave-heating scenario of the corona to be confirmed ob
servationally, it is of vital importance to identity the wave mode and to 
evaluate the wave energy flux. The energy flux has to be large enough at 
the coronal base, and has to decay at higher layers. Two possible ways for 
wave-mode identification are (1) to derive a relation between wavelengths 
and frequencies, and (2) to determine the direction (polarization) of the 
oscillations. 

For longitudinal waves on the disk, the wave diagnostics have already 
been done by looking into phase relations of waves either in two spectral 
lines formed at different layers, or in two quantities of a single spectral line. 

For transverse waves the observations have to be done near or off the 
limb. So far, only the turbulent line widths (Vt) have been observed. The 
quantity !pvt times the propagation speed is an upper bound for the wave 
flux. If the wave excited in a coronal loop is approximately a standing wave, 
the actual energy flux would be much smaller than this. 

If slow-mode waves are generated in the corona by magnetic reconnec
tion as suggested by Porter et al. (1994), most criticisms on the acoustic 
theory will be discarded. The propagation direction of slow mode waves 
thus generated will be random, and may be difficult to be mode-identified. 
Imaging observations of such phenomena and to carry out number statistics 
will be more adequate than spectroscopic studies. 
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SOLAR CORONAL HEATING: MHD MODELS AND 

OBSERVATIONAL SIGNATURES 

G. E. VEKSTEIN 
UMIST, Manchester, M60 lQD, England, UK 

1. Introduction 

Although it is generally accepted that the mechanism for maintaining high 
coronal temperatures is magnetic, understanding of the process is still far 
from complete. It is likely that different heating mechanisms operate in 
various large-scale observable structures (loops, coronal holes, X-ray bright 
points, etc). All heating theories broadly divide into two classes: wave mod
els, if the time-scale of the driving photospheric motions is fast compared 
with Alfven transit time, and quasi-static models, if the driving time is 
slow (Browning, 1991; Sakurai, 1996). In the latter case, more relevant for 
compact and strongly magnetized active regions, the coronal field evolves 
through a series of magnetostatic equilibria: photospheric motions gener
ate electric currents (approximately field-aligned), and this is a source of 
excess magnetic energy available for heating. However, high electrical con
ductivity of the hot coronal plasma makes classical Ohmic dissipation on 
global length scales completely inefficient. Thus, for heating to be effective, 
the coronal magnetic field must possess fine-scale structure such as current 
sheets (Parker, 1972), within which even small resistivity can break the 
topology constraints of ideal MHD, allowing fast transition of coronal con
figuration to a state of lower magnetic energy via magnetic reconnection. 
Such a scenario of storage and release of magnetic energy is reminiscent 
of flares, and indeed the coronal heating process can be viewed as a su
perposition of numerous "nanoflare" events (Parker, 1988). This concept 
bridges two historically separate research areas, flares and coronal heating, 
considering nanoflares as the lower-energy population of a wide spectrum 
of flare-like events. Unfortunately, individual nanoflares cannot be resolved 
observationally, at present nor in the foreseeable future. Therefore it is 
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extremely important to reveal observational signatures of the nanoftare
heated corona. One is likely to be a fine structure in coronal plasma, with 
hot and cool loops insulated by the magnetic field (the so called filling fac
tor). Though existing information about this is quite controversial, more 
reliable data are expected from the upcoming SOHO mission. 

2. Current Sheets and Magnetic Reconnection 

The present understanding of how current sheets may develop within an ini
tially smooth coronal magnetic field can be summarised as follows. There 
are two basic causes of fine structure formation in the corona: the first 
is the turbulent character of photospheric motions, and the second is the 
complex topology of the coronal magnetic configuration. In the first case 
fine scales can develop even within a coronal field of simplest geometry, 
which may be represented by the model due to Parker (1972): an initially 
uniform magnetic field, B = Boz, anchored in two rigid planes (the pho
tosphere) at z = 0 and z = L, with perfectly conducting tenuous coronal 
plasma occupying the space between. Then the magnetic field lines are tan
gled about each other by slowly displacing their footpoints by a prescribed 
photospheric motion with typical space scale lph. The question is whether 
magnetic structures with scale 8 < < L, It can arise (typical values of L, 
the coronal field length, are of order of 10 -lOlOcm, while lph rv 108cm). A 
simple, purely kinematic mechanism for creating such fine structures was 
pointed out by Van Ballegooijen (1988). The idea is that photospheric ve
locities, while being a smooth function of space coordinates (x, y) at any 
given moment, vary randomly in time, with some correlation time Te, typ
ically equal to several convective eddy turnover times. Therefore the dis
placement of photospheric footpoints, viewed as a continuous mapping of 
the photospheric plane to itself, becomes more and more structured, with 
typical scale 1 decreasing like 1 rv lph exp (- ;J. Consequently, a force-free 
magnetic field, generated between the planes by such a mapping, will pos
sess electric currents growing exponentially in time (until finite resistivity 
eventually intervenes, providing statistically steady state balance). An al
ternative scenario might be a dynamical development of fine scales as a 
result of current-driven MHD instability. In this case the quasistatic evolu
tion of the coronal field becomes disrupted once field-aligned currents ex
ceed an instability threshold. Then the subsequent evolution of the system 
is governed mainly not by photospheric motions but by nonlinear dynamics 
of instability (so the former can be even switched off). Such a behaviour 
has been observed in a recent numerical simulation of Parker's model based 
on the reduced resistive MHD equations (Longcope & Sudan, 1994). The 
appearance of fine scale is evident in Fig.I. 
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Figure 1. Contour plots of the magnetic field (a), electric current (b), fluid streamlines 
(c) and vorticity (d) at z = t and t = 28TA (Longcope & Sudan, 1994) 

/t\ 
.'1 

(a) (b) 

Figure 2. Poloidal magnetic configurations with separatrix lines 
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Current sheet formation caused by complexity of the coronal magnetic 
configuration is illustrated in Fig.2, where initially potential magnetic fields 
have separatrix lines, either without a neutral point (a) or with an X
point (b). The essential point is that these continuous magnetic fields have 
discontinuous connectivity of their footpoints on the photospheric plane z = 
O. For example, field lines AIBI and A2B2 on Fig.2(a) have their left-hand 
side foot points Al and A2 very close, while the right- hand side counterparts 
BI and B2 are far apart. Thus even smooth shearing displacements ~y result 
in current sheet formation along the separatrix line AGB (Low & Wolfson, 
1988; Vekstein et aI, 1991). 

Since both these factors, namely turbulent shuffling of photospheric 
footpoints and complex structure of magnetic field, are quite common fea
tures of the corona, the development of current sheets and their subsequent 
magnetic reconnect ion seem to be generic processes in the solar atmosphere. 
This view is strongly supported by Yohkoh SXT observations of continuous 
global restructuring in the corona (Tsuneta et aI, 1992), as well as by high
resolution images of isolated and simpler coronal structures such as X-ray 
bright points (Strong et aI, 1992). The latter may be considered as elemen
tary reconnection events, following a scenario suggested recently by Priest 
et al (1994) . Their converging flux model involves an interplay between 
two opposite polarity photospheric magnetic fragments and an overlying 
background field ( Fig.3). These fragments, while moving towards each 
other, remain magnetically unconnected until reaching the critical separa
tion 2d (Fig.3b (ii)), when a null point at the photosphere appears. In a 
perfectly conducting corona the further approach of the fragments would 
result in formation of a vertical current sheet (Fig.3b (iii)). However, finite 
resistivity allows magnetic reconnection, so the fragments become partially 
connected to produce a lower-energy configuration shown in Fig.3b (iv). 
The released magnetic energy, typically of 1027 - 1028 ergs (microflare), 
heats coronal plasma, which is injected along the newly reconnected field 
lines, thus forming an observable X-ray bright point. This model provides 
a plausible explanation for the observed X-ray brightenings: hot plasma 
structures predicted from Kitt Peak magnetograms of the photosphere be
low the bright points show good agreement with simultaneous NIXT soft 
X-ray images (Parnell et aI, 1994). A similar comparison has been reported 
recently (Van Driel-Gesztelyi et aI, 1996) for X-ray bright points caused by 
magnetic flux emerging at the photosphere. 

3. Coronal Heating as Driven Magnetic Relaxation 

Once the hot corona is assumed to be an integral effect of multiple small
scale bursts, the statistical properties of these energy-release events become 
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Figure 3. Different phases of the interaction of magnetic fragments (a), and the corre
sponding MHD scheme (b) (Priest et ai, 1994) 
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Figure 4. Evolution of the global coronal quantities (Longcope & Sudan, 1994) 
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an essential issue. The energy spectrum of microflares has been recently 
derived from the Yohkoh SXT data of active-region transient brightenings 
(Shimizu, 1995), and conclusion is that they add only slightly to the global 
energy balance. Thus the job is left to presumably more frequent but elusive 
events of lower energy scale (nanoflares?). An example of theoretical predic
tions on energetics and occurrence rate of coronal heating events is given 
in Fig.4, which shows results of numerical simulation for Parker's model 
(Longcope & Sudan, 1994). Here, the time history of global quantities in 
the corona, such as the free magnetic energy EM, the plasma kinetic energy 
EK , the photospheric power input PF, and the Ohmic PT/ and viscous Pv 
dissipation rates is followed until a statistical steady state is reached, when 
energy input into the corona becomes balanced by dissipation. Though such 
simulations provide some insight into the problem, the cruci~l difficulty is 
that they can be performed only for quite moderate values of the magnetic 
Reynolds number (5 x 102 in this case), while its typical value in the so
lar corona is around 1012 . It is completely hopeless to get any realizable 
computations for such a large Reynolds number, while available numerical 
results cannot be extrapolated to real coronal parameters since the proper 
scaling is unknown. Therefore it might be more productive to tackle this 
problem starting not from the first principles, but applying more general 
phenomenological considerations. For example, viewing the solar corona as 
a complex turbulent system, the concept of self-organised criticality, orig
inally introduced to describe a self-similar behaviour of avalanches, can 
be applied also to the coronal flare-like events (Lu & Hamilton, 1991). A 
dynamical basis for these" kinematic" avalanche-type models has been dis
cussed recently by Chiuderi et al (1996). Another approach to the coronal 
heating process has been proposed by Heyvaerts & Priest (1984), who gen
eralised a very successful idea from laboratory plasma physics due to Taylor 
(1974). This is to regard the effect of complex magnetic reconnect ion pro
cesses as being a relaxation of the system to a minimum magnetic energy 
state subject to the constraint imposed by a large value of the magnetic 
Reynolds number, namely of conservation of the total magnetic helicity. 
This allows derivation of the average heat flux into the corona in terms of 
the photospheric driver and coronal parameters as (Vekstein et aI, 1993): 

B2(v2 ) T2 
q ~ 2 X 10-2 ph J!!!:.. 

L TR 

where TR , the relaxation time, is an imposed phenomenological parameter. 
For a typical active region with magnetic field B I"V (1 - 3) x 102G and the 
size L "" 10Mm, and photospheric motions with the mean square velocity 
(V~h) "" 106 -107 m2 s-2 and period Tph "" 103s, this requires the relaxation 
time to be of the order of 104 - 105s to produce a "standard" active region 
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maintaining an energy flux of 107 erg cm-2 s-1. This may be considered as 
a reasonable value, especially from the point of view that observed global 
restructuring in the corona (Tsuneta et al, 1992) has a similar time scale 
of 10 - 20 hours. 

4. Coronal Filling Factors 

Though the spatial scale of primary energy release events (say, nanoflares) 
is likely to be far beyond the observational capabilities, an integral effect of 
multiple nanoflares producing the hot corona may have a detectable signa
ture such as filamentary structure of coronal plasma, when hot loops con
stitute only some fraction (known as the filling factor) of the whole volume. 
Then, since only these loops contribute to the observed X-ray emission, the 
magnitude of the filling factor, 4>, can be estimated by comparing the av
erage density in the corona (derived from the integral emission measure) 
with the actual density of hot plasma, which can be obtained from density
sensitive spectral lines ratios. Theoretical prediction of filling factors re
quires statistical analYflis of an ensemble of impulsively heated coronal loops 
cooled by radiation and heat conduction (Cargill, 1993; Kopp & Poletto, 
1993), but a crude estimate can be obtained quite simply. Assuming that 
the heat flux q, which maintains the corona hot (q f'V 107 ergs cm-2 S-1 for 
active region), is provided by elementary energy releases inside the corona, 
each of energy ~ W, the occurrence rate (per unit area) of the latter has 
to be equal to iW", Thus, viewing coronal structure as a superposition of 
flux loops, each of the length L and cross-section S, it is on average every 
~t = Sf1W sec that an energy burst will occur somewhere along a fixed 
loop. Beirig heated in such a way, the loop will remain hot for some time 
Th which is determined by radiative and conductive losses. Then the filling 
factor can be derived as (Cargill, 1993): 

LSI 
4> = Th ~ 8.5 X 10-5 q 6 

~t (~W)~ 

This result shows a strong dependence on the loop cross-section S which is 
actually determined by the specific details of the energy release mechanism, 
and therefore cannot be imposed arbitrarily. A self-consistent derivation 
of S might be quite a complicated problem, since newly reconnected and 
heated field lines are convected away from the reconnect ion side. However, 
the minimal value of S can be simply estimated from the requirement for 
pressure balance between the hot loop and the surrounding magnetic field, 
yielding eventually prediction for 4> which does not depend on the energy 
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release "quantum" Ll W : 

Here ij = q/107 ergs cm-2 S-1, B = B/102 G, and L = L/l0 Mm are 
dimensionless heat flux, magnetic field and loop length normalised by their 
typical values in the corona. Thus small values of the coronal filling factors 
are likely to be expected, and if so, this may affect the energy balance 
analysis of active regions (Shimizu, 1995) as well as that of scaling for 
coronal loops heating (Klimchuk & Porter, 1995). 
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The Yohkoh Soft X-Ray Telescope (SXT) has been revealing the coronal 
characteristics of a microflaring phenomenon in X-rays: Microflares are ob
served as transient brightenings of compact coronal loops (Shimizu et al., 
1992); they appear mainly in form of multiple or single loops, although they 
are sometimes point-like (Shimizu et al., 1994). They recur frequently in 
two localized areas of active regions, namely, in growing emerging magnetic 
flux regions and around the outer edge of the penumbra of well-developed 
large spots (Shimizu, 1993). The sum of transient brightenings does not 
make much contribution to the heating of the active-region corona, al
though they occur very numerously in active regions (Shimizu, 1995a). 

Simultaneous observations made in soft X-rays and visible light are es
sential for understanding magnetic coupling between transient brightenings 
in the corona and magnetic activity at the photosphere. Using a coordinated 
set of observations by SXT and LPARL's narrow-band tunable filter at La 
Palma (Swedish Solar Observatory), we have studied the evolution of the 
photospheric magnetic field associated with point-like transient brighten
ings (Shimizu, 1995b). A small-scale emergence of magnetic flux is found 
to start 5 - 15 minutes prior to the onset of X-ray brightenings in at least 4 
of the 16 events studied, although no evolutionary changes of the magnetic 
field are found in the other cases. Figure 1 is an example clearly showing 
a close connection between a transient brightening and a small-scale flux 
emergence. Results from the detailed comparison will be published else
where in the future. 
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(a) Time Profile of Soft X-Ray Intensity 
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Figure 1. (a) Time profile of soft X-ray intensity of the 21-June-92 9:48 UT transient 
brightening; (b) Time-space slice of longitudinal magnetogram with time increasing hor
izontally along a line through the X-ray brightening centering at position 35 with the 
size of 5". The counterpart magnetic flux starts to emerge at about 9:38 UT. 
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THE HEATING OF SOFT X-RAY CORONAL LOOPS 
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1. Summary 

The physical process which heats the multi-million degree coronae of late
type stars such as the Sun is one of the fundamental mysteries of astro
physics. A number of plausible theories have been proposed, but none of 
them has yet been demonstrated to be correct. We must therefore rely 
on new coronal observations, such as those from Yohkoh, to constrain and 
distinguish among the competing ideas. 

The coronal magnetic field organizes the plasma into loops-the basic 
structural elements-and to understand coronal heating, we must under
stand the heating of these loops. It is important to remember that the 
magnetically-closed corona is completely filled with loops, and that most 
loops are not readily distinguishable from their neighbors. Klimchuk and 
Gary (1995) have recently studied the heating of the diffuse corona, which 
is comprised of indistinguishable loops, and we here consider the heating 
of individual loops that can be easily identified in Yohkoh Soft X-Ray Tele
scope (SXT) images. Details of our study can be found in Klimchuk and 
Porter (1995) and Porter and Klimchuk (1995), and related work has been 
reported by Kano and Tsuneta (1995) and Sturrock and Acton (1995). 

We measured the temperatures, pressures, and lengths of 47 apparently 
steady loops observed by SXT. The median temperature is 5.7 X 106 K and 
the median pressure is 1.6 X 1016 cm-3 K. Using nonparametric statistical 
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Figure 1. Plot of pressure versus halflength for the 47 loops. 

methods, we determined that temperature is uncorrelated with length and 
that pressure varies inversely with length to approximately the first power 
(see Figure 1). Because the observed lifetimes of the loops are much longer 
than their cooling times, we then assumed quasistatic equilibrium and used 
scaling laws to infer that the volumetric heating rate varies inversely with 
length to approximately the second power. 

This is an important result, because different coronal heating models 
predict different scalings. For example, the popular models for (1) the tan
gling of coronal magnetic fields by random shuffling motions at the foot
points, (2) the twisting of coronal flux tubes by vortical motions at the 
foot points, and (3) the resonance absorption of Alfven waves are able to 
reproduce the observations only if the coronal magnetic field strength scales 
with loop length as B ()( LO, where 6 = -0.5,0, and -2, respectively. The ac
tual value of 6 is not presently known, but it could be determined from coro
nal extrapolations of photospheric magnetograms. Once 6 is determined, we 
will be able to draw definitive conclusions about the viability of these and 
other models for coronal heating. 
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TEMPERATURE STRUCTURE OF SOLAR ACTIVE REGIONS 

T. YOSHIDA AND S. TSUNETA 
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Illtrod uction 
Yohkoh X-ray images of the Sun show ubiquitous bright loops. Most of 

the analyses of Yohkoh data so far made on the temperature structure of 
the coronal loops concentrated on the individual X-ray loops. We, however, 
need to remember that the high temperature corona apparently exists out
side the distinct loops and in the diffuse region. The fundamental questions 
in the c.ontext of coronal heating are why specific magnetic structures are 
bright in X-rays and what the difference is between bright X-ray loops and 
faint diffuse regions. As a first step to answer these questions observation
ally, we obtain high-quality temperature maps of the entire active regions 
from X-ray maps summed over a certain time interval by sacrificing the 
time resolution. 

Observations and Analysis 
The temperatures of active regions are obtained using a pair of broad

band filters. We use the Yohkoh soft X-ray images taken from 1992 April 24 
through July 5. During this period, the Soft X-Ray Telescope (SXT) aboard 
Yohkoh took images of several active regions every 1 minute with 2 different 
filters alternately. We sum the images for each filter in units of spacecraft 
orbit period (97 minutes). The number offrames taken in about 60 minutes 
of the spacecraft daytime is about 30 for each filter. The summation allows 
us to obtain high-quality temperature maps even outside the bright loops 
at the expense of time resolution. The estimated photon-statistics errors in 
temperature range from about three percent in bright X-ray loops to about 
ten percent in dark diffuse regions. 

Temperature Structure of Active Regions 
The soft X-ray maps and temperature maps appear quite different. The 

temperatures of the loops whose sizes are similar and whose X-ray inten
sities are similar are not always similar. There are various loops with tem-
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perature from 3 MK to 10 MK. The time variability of the temperature 
structures suggest that there are two distinct time scales in the coronal 
temperature structures. Structures with temperatures higher than 5 MK 
are seen for several hours, and those with temperature less than 5 MK can 
be seen over half a day without significant change in shape and temper
ature. Transient structures with lifetimes shorter than several hours have 
the following features: (1) The temperatures are higher than 5 MK, and do 
not depend on the soft X-ray intensities. (2) The structures are associated 
with the cusp structures or multipleloop structures in most cases. Steady 
structures with lifetimes longer than half a day have the following features: 
(1) The temperatures of the loop tops are from 4 to 5 MK, and those of 
the footpoints are around 3 MK. (2) The difference in temperature between 
nearby loops are too small to recognize individual loop structures in the 
temperature maps. 

Discussion 
The conductive loss time scales of the structures with life time shorter 

than several hours are about 30 minutes ( T = 6 MK , n = 109.5 cm -3 , 

1 = 105 km ), and the radiative loss time scales are about 10 hours. The 
observed time scales are close to these time scales. This indicates that these 
structures are heated transiently, since these are associated with the cusp 
structures or multipleloop structures in most cases. The transient heating 
thus may be due to magnetic reconnection. 

The conductive loss time scales of the structures with life time longer 
than half a day are about 50 minutes ( T = 4.5 MK , n = 109 .5 cm -3 , I = 
105 km ), and the radiative loss time scales are about 6 hours. The observed 
time scales are much longer than these time scales. This indicates that the 
steady plasmas are continuously heated. It is sometimes hard to find the 
temperature structures corresponding to the steady loop structures seen in 
X-ray images. Thus, the steady coronal loops may be heated more or less 
in a loop-independent way. 

This indicates that the coronal heating consists of both basal heating 
and transient heating. The basal heating mechanism maintains the plasma 
temperature around 3-5 MK, and the occasional transient heating, perhaps 
due to magnetic reconnection, produces higher temperature plasma with 
temperatures up to 10 MK. 
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TEMPERATURE AND HEATING DISTRIBUTIONS 

ALONG THE STEADY CORONAL LOOPS 
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2-21-1 Osawa, Mitaka, Tokyo 181, Japan 

The temperature distributions along the steady coronal loops reflect 
their heating distributions. We selected 16 bright steady coronal loops from 
the Yohkoh SXT images from May 1992 through July 1992, and obtained 
the temperature distributions T( s) along these loops. The steady loops 
generally have constant temperatures along the loop top regions (plateau) 
with decreasing temperatures toward both footpoints ("trapezoidal" tem
perature distribution, figure 1a). Some of the loops have sharp peaks in 
their temperature distributions ("triangular" temperature distribution, fig
ure 1b), suggesting the concentration of the heat input at the peak. 

We find a good correlation between total energy loss iT (erg/ sec/ em 2) 

and gas pressure Pg (dyn/cm2 ) for the steady loops (Kano & Tsuneta 1996); 

(log iT - 8.0) = (0.99 ± 0.12)(10gpg - 0.9), (1) 

or 
(2) 

The total energy loss is the radiative loss plus conductive flux estimated 
from the observed temperature and density distributions. The gas pressure 
is obtained from the observed temperature and emission measure at the 
top. This correlation fits well with the equation, 

iT = 1.0 X 107 JTm/(6 X 106) . Pg, 

theoretically derived from two relations of the scaling law; 

(3) 

Tm 1.4 X 103(pg. L)I/3 (Rosner, Tucker & Vaiana 1978), (4) 

iT 1.5 X 105(p;/6 . L1/ 6), (5) 

where L (em) is the observed length ofthe loop, and Tm (K) is the maximum 
temperature (Tm r'V 6 X 106 (K) for all the loops analyzed here). 
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Figure 1. Two extreme temperature distributions along the 100Pi (a) "trapezoidal" 
type and (b) "triangular" type. The upper panels are the X-ray intensity taken with 
the thin aluminum filter. The middle panels are the temperature (solid line) and the 
emission measure (dashed line) distributions. The lower panels are the 3.5 power of 
the temperature distribution. We fit the dotted lines to the '['l's profiles to derive the 
conductive fluxes. The vertical dot-dashed lines in these panels show the positions of the 
apparent footpoints. 

We also find that Tm is correlated with (Pg . L) (Kano 1994, Kano & 
Tsuneta 1995); 

(6) 

Although the power-law index 1/5.1 is different from the index 1/3 of the 
theoretically derived scaling law, we conclude that this observed correlation 
is consistent with the theoretical scaling law within the systematic errors 
of our analysis. 
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The properties of the coronal turbulence, and in particular the way the 
energy can be stored in the magnetic field and then dissipated, represent 
a very difficult problem. In fact, due to the large values of the magnetic 
Reynolds number S N 1013 , the magnetic field contributing to the available 
free energy must be structured over spatial scales of the order of one me
ter or less. As a result the local release of magnetic energy occurs on the 
dynamical timescale and is concentrated inside current sheets which are 
continuously formed and dissipated throughout the system (Einaudi and 
Velli 1994). 

Such a scenario results from our present knowledge of MHD turbulence. 
The 3-D simulations performed by Mikic et al. (1989), Strauss (1993) and 
Longcope and Sudan (1994) show that the presence of a mean large scale 
field allows the separation of the dynamical behaviour along that field from 
that perpendicular to it which turns out to be very similar to the 2-D case. 
Such simulations however have too low resolution and -have been performed 
for too short times to give reliable information about the long term response 
of the corona to the stresses induced by the photospheric motions. 

Einaudi et al. (1995) have performed numerical simulations of a 2D 
section of a coronal loop, subject to random magnetic forcing. These sim
ulations last much longer than both the coronal Alfven time and the time 
scale of the driver and it is therefore possible to follow in time the prop
erties of the current sheets which continuously form and disrupt in the 
system. The forcing models the link between photospheric motions and en-
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ergy injection in the corona. The boundary disturbances propagate along 
the vertical mean field Bo with the associated Alfv€n velocity and give rise 
to a perpendicular magnetic field b.t. The appearance of bJ., and conse
quently of v J., can be followed in time by solving the MHD equations in 
2-D in which the terms coupling the perpendicular dynamics to the verti
cal one are treated as imposed forcing terms. The results show the highly 
intermittent spatial distribution of current concentration generated by the 
coupling between internal dynamics and external forcing. The total power 
dissipation is a rapidly varying function of time, with jumps of orders of 
magnitude even at low Reynolds numbers, and is due to the superposition of 
current dissipation in a number of localized current sheets. The histogram 
of dissipation events as a function of dissipated power follows a power-law 
behaviour. 

The fact that both the spatial and temporal intermittency increases 
with the Reynolds number (resolution) suggests that the turbulent nature 
of the corona can physically motivate statistical theories of solar activity 
such as the self-organized criticality (avalanche) model (Lu and Hamilton, 
1991; Vlahos et al. 1995). In this models the fundamental ingredient is the 
non-gaussian response to a gaussian forcing which results from the locality 
ofthe instability criterion and ofthe relaxation process. We have performed 
a statistical analysis of the data resulting from our simulations at 256x256 
resolution. There is evidence of intermittent behaviour both in time and 
space, which means the existence of a non-gaussian tail in the distribution 
of the current around its mean (spatial or temporal) value. This spatial and 
temporal intermittency is not well understood, but is a natural tendency of 
the MHD turbulence and could be the physical constituent of the avalanche 
model for solar flares. 

It is our feeling that the above preliminary results substantiate the idea 
that heating and flares could be considered as manifestations of the same 
basic physics,the difference being quantitative more than qualitative. 

This work has been partially supported by EEC through the contract 
ERBCHRXCT930410. 
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MASS-FLOW EFFECTS ON WAVE HEATING BY RESONANT 

ABSORPTION 

R. ERDELYI VON FA.Y-SIEBENBURGEN 
Center for Plasma-Astrophysics, K. U. Leuven 
Celestijnenlaan 200 B, B-3001 Heverlee, Belgium 

1. Introduction 

To heat the solar atmosphere by waves one requires some efficient dissipa
tion mechanisms. Resonant absorption, suggested by lonson (1978), might 
be a candidate to explain the heating mechanism(s) in the solar corona. 
In the former studies of resonant absorption one has mostly assumed static 
equilibria. However, Hollweg et al. (1990) showed that resonant absorption 
can be severely influenced by the presence of velocity shears. Erdelyi et al. 
(1995) studied analytically the resonant absorption in linear compressible 
MHD for background equilibrium states with flow. 

In this paper we show numerically the effect of background equilibrium 
flows on resonant absorption. Lou's (1990) cylindrical equilibrium model is 
extended with an equilibrium plasma flow, YQ(r) = f x YAlfv(r), where f 
denotes the flow strength parameter. 

2. Results 

In Figure 1 we have plotted the absorption rate versus the flow strength 
parameter, f. Fig. 1 shows that the flow has a very determinant effect on 
the absorption rate. By increasing the flow strength parameter the absorp
tion rate enhances very strongly. Increasing further the equilibrium flow 
strength, the absorption rate shows a strong oscillatory behaviour between 
ca. the value of total resonant absorption and the value of total reflection. 
Increasing even further the equilibrium flow parameter, f, the absorption 
rate smoothly decreases. Roberts et al. (1984) have shown that homoge
neous, non-twisted magnetic flux tubes can have infinite eigenvalues. If one 
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Figure 1. Absorption coefficient QI versus the equilibrium flow strength parameter, f 

drives a flux tube with a frequency close to one of its eigenfrequencies the 
driving wave will be strongly absorbed (Goossens and Hollweg, 1993). We 
guess this is the case when in Fig. 1 f E [0.25 - 0.31), the absorption rate 
shows so many maxima. We cannot prove this statement now because we 
have to solve the eigenvalue problem of our non-homogeneous driven prob
lem, but this work is under investigation. 
The presence of the equilibrium flow may therefore be very determinant for 
resonant absorption and may significantly affect the resonant absorption 
rate for acoustic oscillations in sunspots or for Alfven waves in the solar 
corona. 
Acknowledgements The author is grateful to M. Goossens and M. Ruder
man for suggesting the work and for stimulating discussions. 
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Ha SURGES AND X-RAY JETS IN AR7260 

RICHARD C. CANFIELD, KEVIN P. REARDON, K. D. LEKA 
Institute for Astronomy, University of Hawaii 
2680 Woodlawn Drive, Honolulu, HI 96822 

K. SHIBATA, T. YOKOYAMA 
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Mitaka, Tokyo 181, Japan 

AND 

M. SHIMOJO 
Department of Physics, Tokai University 
1117 Kitakaname, Hiratuka, Kanagawa, Japan 

We have studied nine events, which we observed simultaneously from 
Yohkoh as jets in X-rays and from /MSO/ as surges in Ha, in AR7260 at 
approximately N16 W30 on 19-20 August, 1992. We attribute these events 
to the reconnect ion of moving magnetic bipoles with surrounding coronal 
fields. The X-ray jets share many features with those discovered by Yohkoh 
in active regions, EFRs, and X-ray bright points (Shibata et al. 1992). The 
Ha surges are adjacent to the X-ray jets. Typically the footpoints of two 
closed loops are observed near the base of the surge, and flare in association 
with the surge (Figure 1). At the surge bases we observe both blueshifts 
(initially) and redshifts (1-2 minutes later). All the observed surges spin in 
the same sense. 

Two new phenomena have been discovered, which indicate the role 
of magnetic reconnection: footpoint convergence and moving-blueshift fea
tures. In footpoint-convergence events, bright Ha features are observed at 
both ends of Ha fibrils. These features converge during the early stages 
of the jet/surge event, indicating that reconnection involves successively 
lower-lying field lines in the moving-bipole flux system. In moving-blueshift 
events, Ha blueshifted features are observed to move along fibrils at about 
10% of the Alfven speed, which we attribute to the whip-like response of 
newly-reconnected magnetic field lines previously in the moving-bipole flux 
system, as they adjust to their new topology. 
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Figure 1. Contours of Ha velocity (white) and X-ray intensity (black) overlaid on 
an Ha image of the surge/jet event of 23:11 UT on 19 August, 1992. The SXT X-ray 
contours show the jet extending North (up) from the northern tip of two contiguous 
end-to-end flaring loops whose footpoints are seen as three bright patches in the MCCD 
line-center Ha spectroheliogram. The adjacent oval regions of Ha redshift (dashed white) 
and blueshift (dotted white) centered over the jet are due to the spinning motion of the 
surge. We find that the total angle through which the surge spins is comparable to the 
product of the measured force-free field parameter a and length of the reconnecting 
moving magnetic bipole, implying that release of stored twist is the mechanism for the 
spin. We associate the X-ray jet with the upward reconnection jet and the region of 
strong Ha redshift at its base with the downward reconnection jet. 

We have submitted for publication a model of the morphology of the 
reconnection sequence and quantitative analyses of the new phenomena 
(Canfield et al. 1995). 
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SURFACE DRIVEN EVOLUTION AND ACTIVITY 
OF ATMOSPHERIC MAGNETIC STRUCTURES 

G. VAN HOVEN, Y. MOK, AND D.L. HENDRIX 
Department of Physics and Astronomy 
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Z. MIKIC 
Science Applications International Corporation 
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The magnetic structure of the solar corona influences solar activity, including 
coronal heating and solar flares. Magnetic loops and arcades are observed to 
dominate the structure of the corona; they are formed by the interaction of high-,B 
photospheric convection with low-,B coronal magnetic fields. We show the results 
of 3-D MHD simulations of the response of coronal fields to convective and shear
flow driving from the photosphere. The principal examples include the micro-flare 
activity in the Parker loop-heating archetype (Schnack and Mikic 1994), and the 
formation and evolution of 3-D coronal loops (Van Hoven et al. 1995a). 

The question of the mechanism for coronal heating is a classic problem of 
solar and stellar physics. One main line of study of this question is devoted to 
the model proposed by Parker (1983), wherein the moderate-scale, slow, random, 
convective, surface twisting of the solar surface footpoints of a magnetic loop leads 
to fine-scale ohmic dissipation in the atmosphere. We have concentrated on a 3-D 
MHD representation of this model and have studied the contribution of magnetic 
reconnection (resistive tearing) to the dissipation (Van Hoven et al. 1995b). 

We have developed the following understanding of this mechanism for coronal 
heating. The electric current spontaneously collapses into thin filaments in a 
process characterized by intermittency, magnetic reconnection and turbulence: 
1) the current sheets driven by the footpoint motions eventually become thin 
enough to become unstable to magnetic tearing/reconnection; 2) this dynamic 
process further intensifies the current density, leading nonlinearly to an extended 
turbulent (apparently steeper than Kraichnan (1965)) spectrum; and 3) the ohmic 
heating rate is thereby enhanced significantly over what would arise from the more 
broadly distributed currents, allowing the dissipation to rise sufficiently to match 
the input Poynting flux. The nonlinear turbulent spectrum is shown in Fig. 1(a) 
(Hendrix & Van Hoven 1995); the filamentary current structure is shown in Fig. 
1(b) (Hendrix et al. 1995); a magnified view of a current filament illustrating 
magnetic reconnect ion is shown in Fig. 1 (c). 

Coronal loops are prominent features of the Yohkoh X-ray observations (Klim
chuk et al. 1992). Two limiting models for the formation of a simple, isolated, 
magnetic loop can be conceived. Either they erupt/emerge with substantial twist 
from below the convective solar photosphere, or they appear in a nearly unstressed 
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( current-free) state and are twisted by differential or vortical flows in the solar 
surface. We have demonstrated both of these formation mechanisms, but here 
describe the latter case (Van Hoven et al. 1995). Photospheric twist applied to 
a pre-existing current-free bipole propagates into the corona, causing current to 
flow along and confine a flux tube, as shown in Fig. 2(a). This S-shaped loop 
(McClymont & Mikic 1994) is in a force-free equilibrium state with a twist of 2.871' 
on the central field line. The loop field lines are surrounded by overlying field lines 
that remain relatively undistorted. 

It is known that coronal loops can become unstable to kink instabilities if 
they are twisted sufficiently (Mikic et al. 1990). Furthermore, they may exhibit 
magnetic nonequilibrium that would make them erupt. When a loop with an 
overlying current-free arcade field is twisted beyond the amount described in the 
previous paragraph, it undergoes magnetic reconnection at the apex, as shown 
in Figure 2(b). Shibata (1996) has proposed that such reconnection could be a 
trigger for loop flares and their outflow jets, a topic that we are presently studying. 

The strategic goal of such simulations is to use observable inputs to produce 
accurate models of the solar corona and inner heliosphere. We have made the first 
steps in being able to drive the evolution of empirical coronal fields by convective 
flows in the photosphere. Predictions from these models could provide the solar
influence component of space-weather forecasting. 
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I. Magnetic Atmospheres of the Sun and Stars 

1.2. High Temperature Outer Atmospheres of Other Stars 



CHROMOSPHERES OF CORONAL STARS 

JEFFREY L. LINSKY AND BRIAN E. WOOD 

JILA, University of Colorado 
Boulder CO 80309-0440 USA 

Abstract. We summarize the main results obtained from the analysis of 
ultraviolet emission line profiles of coronal late-type stars observed with 
the Goddard High Resolution Spectrograph (GHRS) on the Hubble Space 
Telescope. The excellent GHRS spectra provide new information on mag
netohydrodynamic phenomena in the chromospheres and transition regions 
of these stars. One exciting new result is the discovery of broad components 
in the transition region lines of active stars that we believe provide evidence 
for microflare heating in these stars. 

1. Introduction 

Solar and stellar coronae are now observed routinely in X-rays with the 
Yohkoh, ROSAT, and ASCA satellites and at radio wavelengths with the 
VLA and other radio telescopes. These data provide our main source of in
formation concerning coronal structure, dynamics, and heating rates, which 
are controlled by locally strong magnetic fields. High-resolution ultraviolet 
spectra provide complementary information on the dynamics and energetics 
of plasmas at lower temperatures in a stellar chromosphere and transition 
region where the structure, dynamics, and heating are controlled by strong 
magnetic fields that are connected to the coronal fields. As a result, the com
bination of X-ray fluxes and high-resolution UV spectroscopy can provide a 
more complete picture of magnetodynamic phenomena in the atmospheres 
of ~he Sun and stars than is provided by the X-ray and radio data alone. 
In ~his paper we summarize the new results concerning magnetodynamic 
phenomena in late-type stars with coronae that have emerged from the 
analysis of spectra obtained with the Hubble Space Telescope (HST). 

Since 1991 we have been observing late-type stars and RS CVn-type 
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binary systems with the Goddard High Resolution Spectrograph (GHRS) 
on HST. The GHRS can obtain UV spectra with low (R = AidA = 2000), 
moderate (R = 20,000), and high (R = 90,000) resolutions. (See Brandt 
et aZ. 1994 for a description of the GHRS.) Prior to the installation of 
the COSTAR optics to correct for the spherical aberration of the primary 
mirror in December 1993, the spectral resolutions of these modes were 
somewhat degraded when using the Large Science Aperture (LSA) but not 
appreciably degraded when using the Small Science Aperture (SSA). We 
will report here on the analysis of GHRS spectra of 9 stars, including two 
A-F stars (Altair = a Aql and Procyon = a CMi), three G-K stars ({3 Dra, 
a Cen A, and a Cen B), two M dwarfs (AU Mic and VB10), and two RS 
CVn-type binary systems (Capella = a Aur and HR 1099 = V711 Tau). 
The spectral types and references to the data analysis papers are listed in 
Table 1. This is not a complete list of all GHRS observations of late-type 
stars, but these 9 stars, which are known to have coronae, provide examples 
of important phenomena across the H-R diagram, and the analysis of the 
data from most of these stars is now either published or in press. 

TABLE 1. Active Late-type Stars Observed with HST /GHRS 

Star Spectral Comments Reference 
Type 

Altair A7IV-V Hottest active Walter et al. (1995) 
star Simon et al. (1994) 

Procyon F5IV-V Inactive F star Wood et al. (1995) 
f3 Dra G2Ib-1I Active supergiant Obs. 1995 Apr 29 
Q' Cen A G2V Old star Obs. 1995 May 1 
Q' Cen B K1V Old star Obs. 1995 May 5 
AU Mic dMOe Very active Linsky & Wood (1994) 

dMe star Maran et al. (1994) 
VB10 M8 Ve End of main seq. Linsky et al. (1995a) 
Capella G8 III + G1 III Long Per. RS CVn Linsky et al. (1995b) 
HR 1099 K1 IV + G5 IV RS CVn Wood et al. (1995) 

We have obtained data for these stars at all three spectral resolutions to 
address different objectives. The lowest-resolution mode (grating G140L) 
provides line fluxes in the 1150-1700 A region suitable for emission mea
sure analyses, estimates of the radiative loss rates from the chromosphere 
and transition region, and studies of whether photospheric or coronal abun
dances better characterize the plasma in the transition region. The medium
resolution modes (gratings G140M, G160M, G200M, and G270M) provide 
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sufficient resolution (typically 15 km s-l) to separate close blends, measure 
line shifts, and measure line profile shapes quite accurately. Most of the re
sults described later in the paper are based upon the analysis of these data. 
Finally, the highest-resolution data (typically 3.5 km S-l) are obtained with 
the two echelle gratings (echelle-A and echelle-B). Because the throughput 
is relatively low and the simultaneous spectral range small for the echelle 
modes, so far we have obtained spectra only for the Lyman-a and Mg II 
hand k lines. These data will be discussed elsewhere. We now describe 7 
important new results obtained from GHRS data that are likely magneto
dynamic in origin and thus relevant to the main thrust of this meeting. We 
start with phenomena that can be studied with low spectral resolution and 
proceed to phenomena that require moderate or high spectral resolution. 

2. The Hottest Stars with Transition Region Plasmas 

X-ray surveys with Einstein and ROSAT have identified Altair (A 7 IV
V; Teff = 8000 K) as the hottest star with a solar-type corona. The hot 
OB and chemically peculiar B-type stars are also bright X-ray sources, but 
shocks in their winds likely play a major role in heating their coronae, 
and these stars are not generally deemed to be solar-like. Why coronae are 
not present in the hotter A-type stars is not known, but it is commonly 
thought to be a result of their thin convective zones. Chromospheric Mg II 
and Lyman-a emissions have been detected from Altair, but the bright 
photospheric emission from this star in the UV has made it extremely 
difficult to observe transition-region lines against this bright background. 
The high SIN and low scattered-light background of the GHRS makes it 
feasible to search for transition-region emission lines in such stars. Simon 
et al. (1994) and Walter et ai. (1995) detected emission of the C II 1334, 
1335 A doublet, the former by subtracting the spectrum of the less active A 7 
IV-V star 80 UMa and the latter by using spectral synthesis to determine 
and subtract the underlying photospheric spectrum. Thus transition regions 
and the nonradiative heating required to balance their radiative losses exist 
in stars at least as hot as Teff = 8000 K (B-V = 0.22). The most important 
and unexpected result presented by Walter et al. (1995) is that the bulk of 
the C II emission cannot be explained by acoustic heating (by extrapolation 
of the basal flux from the early- F stars), but rather requires an additional 
heating source that must be magnetic in character. 

3. Flaring on a Very Low Mass M Dwarf Star 

Flares, the topic of many papers at this conference, are arguably the most 
intensely studied solar magnetodynamic phenomenon. Flares are also ob
served at radio, optical, UV, and X-ray wavelengths from a variety of late-
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type stars with luminosities that can exceed 1032 ergs S-l (see review pa
pers by Butler, Byrne, Raisch, and Roudebine in these Proceedings). GRRS 
spectra added a new component to this study when Linsky et al. (1995a) 
detected a flare on one of the lowest-mass stars known-VB 10. This star, 
which is also called GI 752B, has been classified as an M8 Ve star with 
Teff = 2600 K and mass about 9% of solar. It thus lies at the very end 
of the hydrogen-burning main sequence and is very nearly a brown dwarf. 
Linsky et al. (1995a) observed VB10 with the low-dispersion G140L grating 
on the GRRS for about 1 hour and detected no emission, except for the last 
5 minutes when bright emission lines of C II, Si IV, and C IV were clearly 
present. The peak enhancement of the C IV emission was at least a factor 
of 40 over quiescent, and the flare luminosity of the transition region and 
coronal gas was estimated to be about 4 X 1031 ergs s-l. The existence of 
flares on very late M dwarfs, which have fully convective interior structures, 
requires a dynamo different from the an-type dynamo thought to operate 
near the boundary of the radiative core and convective envelope of the Sun 
(e.g., Parker 1993). Concepts for alternative dynamos have been proposed 
(e.g., Durney et al. 1993), and the VB10 flare data should stimulate the 
development of quantitative models for such dynamos. 

4. The Fe XXI 1354 A Coronal Emission Line in dMe Stars 

Maran et al. (1994) identified the Fe XXI 1354 A line in their medium
resolution (grating G 160M) spectrum of the very active dMOe star AU Mic. 
This line, formed in coronal plasma at 1 x 107 K, is often detected during 
solar flares, but it had not yet been detected reliably in other stars because 
of blending with a nearby C I line. To our knowledge no other coronal 
line has been detected in stellar UV spectra, although the lower-resolution 
EUVE spectra contain many coronal lines at wavelengths below 400 A. The 
detection for the first time of a coronal emission line at moderate spectral 
resolution allows one to determine both random and systematic motions. 
The AU Mic line profile displayed no significant bulk motion or profile 
asymmetry, which indicates that the emission was primarily from static 
plasma, perhaps located in closed field regions rather than in expanding 
open field regions. Maran et al. (1994) derived an upper limit of 38 km S-l 
for the turbulent motions of the 1 X 107 K plasma. The emission measure 
corresponding to the Fe XXI line flux is consistent with the stellar X-ray 
flux observed by the EXOSAT satellite. 

5. Electron Densities in Stellar Transition Regions 

The integrated fluxes of collisionally excited transition region lines can be 
used to infer the plasma emission measure EM = hT n~dV near the tem-
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perature where an ion is formed, and the fluxes of lines formed over a 
broad temperature range can be used to determine the emission measure 
distribution EM(T). Applications of emission measure analysis to the tran
sition regions of the Sun and late-type stars can be found in Jordan & 
Brown (1981) and Jordan et al. (1987), but there may be difficulties with 
the standard methods (cf. Judge et al. 1995). To proceed from the empir
ical emission measure distribution to an atmospheric model, which is the 
run of temperature with pressure or height, requires an independent mea
surement of electron densities. Fortunately, flux ratios of intersystem lines 
within multiplets or flux ratios of intersystem lines to permitted lines of the 
same ion or ions formed at the same temperature are often density depen
dent. This is because the upper levels of the transitions are depopulated to 
different extents by collisions and radiation. For such types of line ratios 
there will typically be a range of ne for which one line is depopulated pri
marily by collisions and the other line primarily by radiation. In this range 
the line ratio is density sensitive, but outside of the range it is not because 
both lines are depopulated by either collisions (the high-density limit) or 
radiation (the low-density limit). Intersystem lines or multiplets that can 
provide useful density-sensitive line ratios include the C II] 2325 A, 0 III] 
1660 A, and 0 IV] 1400 A multiplets and the Si III] 1892 A, C III] 1909 A, 
N IV] 1486 A, and 0 V] 1218 A lines. For a review of this topic, see Mason 
& Monsignori Fossi (1994) and Brage, Judge, & Brekke (1995). 
Intersystem lines, unfortunately, tend to be weak, and in F- and G-type 
stars the Si III] and C III] lines are swamped by the bright photospheric 
spectrum. Perhaps the most useful density-sensitive lines are the four lines 
that constitute the 0 IV] 1400 A multiplet, because these lines are reason
ably bright, line ratios within the multiplet are not sensitive to the abun
dances or ionization uncertainties, and Cook et al. (1995) have computed 
theoretical line ratios that are consistent with solar observations. We have 
now obtained values of ne in the transition regions of five stars ({3 Dra, the 
G1 III star in Capella, the K1 IV star in HR 1099, Procyon, and a Cen B). 
We were surprised when our preliminary analysis showed that the electron 
densities in all of these stars are very similar, ne ~ 1 X 10lD cm -3, even 
though the stars differ greatly in activity and luminosity. Deeper observa
tions of more stars are needed to confirm this preliminary result. For the 
Capella system, Linsky et al. (1995b) were able to use the different stellar 
radial velocities to show that the intersystem lines are formed mainly in 
the transition region of the Gl III star and thus are useful in determining 
the electron densities and atmospheric model for this star. 
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6. Redshifts of Chromospheric and Transition-Region Lines 

The centroid velocities of spatially averaged solar UV emission lines are 
known to be redshifted, with redshifts in quiet regions increasing system
atically from near 0 km S-l for chromospheric lines to about 10 km s-l for 
lines formed at T ~ 1.35 X 105 K (e.g., Doschek et al. 1976). At higher 
temperatures the redshifts decrease rapidly, but this result is uncertain be
cause of possible errors in the laboratory wavelengths (e.g., Achour et ai. 
1995). Ayres et ai. (1988) and others have discovered a similar trend in the 
redshifts of active stars observed with IUE. Although there is no generally 
accepted physical explanation for these redshifts, the enhancement of the 
redshift velocities in solar active regions relative to quiet regions suggests 
that the spatially averaged emission is dominated by downflows in magnetic 
flux tubes. 

With the G HRS one can obtain more precise values for redshifts in a 
broader range of stars. Wood et al. (1995), for example, find for the inactive 
star Procyon a steady increase in redshift with temperature, reaching 11 
km s-l in the 0 V] 1218 A line formed at 2.5 x 105 K. This trend, which 
is very similar to that seen in the quiet Sun, is also observed in spectra of 
the inactive dwarfs a Cen A and B. The active G1 III star in the Capella 
system shows redshifts in the C IV lines of about 19 km s-l (Linsky et al. 
1995b). At comparable temperatures, the redshift velocities of the active 
G1 III star in Capella are approximately doubled compared to those of the 
quiet stars; this velocity difference is very similar to that between active and 
quiet regions on the Sun. This finding strengthens the case for an intimate 
connection of redshifts with magnetic fields. However, the very active dMe 
star AU Mic shows only a very small redshift (about 3 km S-l) in the C IV 
lines (Linsky & Wood 1994) and the very active K1 IV star in HR 1099 
also shows small redshifts (about 5 km s-l) in the C IV lines (Wood et al. 
1995). Observations of a broader range of stars are needed to identify trends 
with magnetic field strengths and coverage factors to better understand the 
physical processes responsible for the redshifts. 

7. Excess Blue Emission in Procyon's Transition Region Lines 

Wood et ai. (1995) fitted Gaussians to Procyon's transition-region line pro
files obtained with moderate spectral resolution and very high signal/noise 
(SIN). They were surprised to find that the C IV, Si IV, and 0 V] lines 
show excess emission on the blue side of the line profiles centered near -90 
km S-l. There is as yet no explanation for this phenomenon. 
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8. Broad Profiles: A New Diagnostic of Microflare Heating 

Linsky & Wood (1994) used the GHRS to obtain the first moderate reso
lution profiles with high-SjN of transition-region lines in a dMe star when 
they observed the C IV and Si IV lines in AU Mic. For data obtained 
at times when the star was not obviously flaring, they could not fit the 
line profiles with single Gaussians. Instead, they obtained good fits to the 
line profiles by using two Gaussians-a narrow Gaussian with FWHM ~ 29 
km s-1 and a broad Gaussian with FWHM ~ 173 km S-1. The narrow 
Gaussians have similar widths to what is observed in solar quiet and ac
tive regions, whereas the broad Gaussians have similar widths to what is 
observed during solar transition-region explosive events (e.g., Dere et al. 
1989). Cook (1991) argued that these explosive event profiles, which are 
observed in regions of complex and changing magnetic fields, are broad
ened by the plasma turbulence generated by microflares. 

On the Sun, the broad components are responsible for about 5% of the 
total C IV and Si IV emission, but on AU Mic this contribution is 40%. A 
similarly large contribution is observed for the active star in Capella, and 
for the very active K1 IV star in HR 1099 the broad component contributes 
60% of the total line flux. On the other hand, the inactive stars a Cen A 
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Figure 1. Percentage contribution of the broad component to the total flux in the C IV 
and Si IV lines is compared with the C IV and Si IV surface flux. 
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and B and Procyon show either small flux contributions or low upper limits 
for the broad components. We plot in Figure lour preliminary data on the 
fractional contribution of the broad component to the total C IV and Si IV 
flux vs. the C IV and Si IV surface flux, a good proxy for the transition
region heating rate. We find a better correlation when we plot the fractional 
contribution of the broad component vs. the X-ray surface flux, a good 
proxy for the coronal heating rate, because the Procyon data point then 
fits the correlation better. This preliminary analysis leads us to conclude 
that microflaring is the dominant heating mechanism in active stars, but 
that it plays only a minor role in quiescent stars like the Sun. We will 
publish our detailed analysis of this new data set elsewhere. 

This work is supported by NASA Interagency Transfer S-56460-D to 
the National Institute of Standards and Technology. 
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EVIDENCE OF MAGNETIC CORONAE IN OTHER STARS 

S. SERIO 

Istituto e Osservatorio Astronomico 
Palermo, Piazza del Parlamento 1, 90134 Italy 

Abstract. X ray emISSIOn and activity in late type stars are generally 
believed to be caused by magnetic fields generated below the stellar pho
tosphere. Coronal magnetic fields should induce structuring of the coronal 
plasma in loop like structures, as observed in the Sun. Do we have evidence 
of such structuring? I shall discuss how spectrally resolved X ray observa
tions can evidence the existence of stationary stellar coronal loops. I shall 
also discuss how the lengths of stellar loops can be inferred by spectrally 
resolved observations during flare decay, and how the presence of coronal 
magnetic fields might influence the thermal stability of the transition region 
and induce characteristics signatures in line profiles. 

1. Introduction 

The evidence that the whole X-ray emitting solar corona is made out of 
magnetic loops has been derived from solar observations pioneered by the 
ATM mission, and now solidly established with the most recent NIXT and 
YOHKOH data. 

The widespread observation of X ray emission from late type stars since 
the early results of the Einstein mission has been almost paradigmatic ally 
interpreted as evidence that stellar coronae should be similar to the sun, i.e. 
made up of loop like structures. However, the detailed interpretation and 
model fitting of stellar X ray spectral distribution and variability has only 
limitedly been based on loop models. For example, in most of the analyses 
of Imaging Proportional Counter, stellar spectra are usually presented in 
terms of one- or two-components isothermal models. 
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The reasons for this attitude - we firmly believe in loop coronae, but 
do not use this information for the interpretation of the data - is certainly 
to be found, but perhaps only in part, in the low count rate statistics and 
moderate spectral resolution generally available in stellar X ray observa
tions. 

2. Static Coronal Loops 

2.1. THE DEGENERACY PROBLEM ... 

One problem with the lack of popularity of loop modelling stays in a fun
damental limitation. In fact, loop models are based on the two equations 
of hydrostatic equilibrium and energy conservation which, for a loop with 
constant cross section, take the form: 

dp 
- = -nmg. 
ds 

(1) 

(2) 

where s is the coordinate along the field line and g. the component of gravity 
along the same direction, p is the pressure, n the gas number density, m the 
average ion mass, EH is the volumetric heating rate, T the temperature, 
P(T) the energy loss function per unit emission measure, and /'i, the Spitzer 
coefficient of thermal conductivity. When the half-length L of the loop is 
much smaller than the pressure scale height sp = 2KT /mg, where K is the 
Boltzmann constant, Rosner, Tucker and Vaiana (1978, RTV) scaling laws 
apply: 

(3) 

(4) 

Using the RTV scaling laws, and x = s/ L, it is easy to see that (2) becomes: 

Tma:t: 1/2 P(T) _ 1 ~(T5/2dT) _ 1 
3.1·1019 /'i,K2 Tma:t:7/2dx dx-

(5) 

Hence, the distribution of temperature along the loop is independent 
on loop length and base pressure. If we assume that a stellar corona is 
dominated by a system of identical loops, then their dimensions cannot be 
determined by the spectral distribution of the observed photons. There is, 
essentially, a degeneracy in the loop model, that prevents extraction of the 
information one ideally would like to obtain, i.e. how a stellar corona looks 
like. 
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2.2. . .. AND ITS CURES 

This problem was recognized since the earliest attempts to fit stellar X ray 
data with loop models (see for example Schmitt et al., 1985). Of course, 
the degeneracy is rigorous only within the framework in which (5) has been 
derived, and in particular, (i) when the loops are much shorter than the 
pressure scale height, (ii) when they have a constant cross section, and (iii) 
when Spitzer conductivity can be used with confidence. 

2.2.1. Gravity 

One contribution to breaking the degeneracy is gravity in (1), which be
comes important when the height of the loops is comparable to the pressure 
scale height, or higher. When fitting a degenerate loop model to an observed 
proportional counter spectrum, the contours of constant X2 values in the 
p, L plane are open lines running parallel to the lines of constant effective 
temperature. Taking into account the pressure equation, (1), they become 
closed at lengths comparable to the scale height, while remaining open for 
high pressure and short lengths (see, however, Maggio and Peres, 1995, for 
loops longer than the star radius). So, while the fits are able to determine 
well the values of the effective temperature, they give typically high formal 
values of the loop length, although lower values are also compatible even 
with stringent confidence levels. 

2.2.2. Widening Loop Cross Section 

The degeneracy of loop models is also removed if the cross section of the 
loops increases with height. In this case (e.g. Vesecky, Antiochos and Un
derwood 1979; Serio et al., 1981), the thermal stratification is the same as 
in a toroidal loop, although with slightly lower values of maximum temper
ature. The larger volume available to the hotter plasma near the top of the 
loop, however, results in larger values of effective temperature. 

As an example, Fig. 1 shows the dependence of the ROSAT PSPC 
effective temperature on cross section expansion, assuming that it varies 
according to 

(6) 

(of course, a = 2 corresponds to radial expansion of the loops). 

Although the data do suggest that solar coronal loops do not generally 
show any substantial variation with height of their cross section, successful 
fits have been obtained for stellar data, using model loops with variable 
cross section (for example Stern et al., 1988, Lemen et al., 1989). 



66 

p= 1 dyne em ,2 
4 

o .,,,,.,,,"-,,,,;:::~::~:;;.~'.::;:;::' 
0.0 0.5 1.0 1.5 2.0 

p:10 dyne em'2 
4 

3 

2 

~,~ 

........ ----- .. --------
o 
0.0 0.5 1.0 1.5 2.0 

Exponent 

p=100 dyne em,2 
4 -.- --_.-

,/ 

3 
, 

/ 

2 

...... _--- ....... 

0 
0.0 0.5 1.0 1.5 2.0 

Figure 1. Dependence of the effective ROSAT PSPC temperature on the loop expansion 
parameter Q. Solid lines: loops of semilength L = 109 em; dotted, L = 1010 em; dashed, 
L = lOll em; dot-dashed, L = 1012 em. 

2.2.3. Deviations from Spitzer Conductivity 
Deviations of heat conduction from the Spitzer regime are important when 
the ratio of electron mean free path to temperature scale height is greater 
than;:::::: 10-3 (Gray and Kilkenny, 1980). As shown by Ciaravella et al. 
(1995), however, these deviations play only a minor role in determining the 
observed spectrum, since they are large enough only at heights much larger 
than the pressure scale height, and therefore where the emission measure 
is very low. 

2.3. BUT ... , DO WE NEED CURES, AFTER ALL? 

Independently of the effects described above, which contribute to remove 
the degeneracy in loop modelling of stellar coronae, a simple physical de
scription of a loop dominated corona can be made, at the price of using 
appropriate variables. 

In particular, I will show the equivalence of isothermal and loop models, 
for loops lower than the pressure scale height and of uniform cross section. 
The problem is only to interpret in terms of a loop model the parameters 
derived from the one-T fit, which we know to work reasonably well, at least 
to the first order: the temperature T ex (PoL)1/3, and the luminosity 

(7) 

where S. is the surface area of the star, and f the surface filling factor 
of loop like structures. Using the scaling law in (4), we easily see that 
Lz ex T P(T) fpoS •. Therefore, a description of a degenerate one loop corona 
in terms of its maximum (or effective) temperature, and of the product 
of filling factor times base pressure, is essentially equivalent to a one-T 
model. The left panel of (2) shows a typical "banana" shaped fit of a loop 



Figure!. Analysis of the ROSAT PSPC spectrum of Procyon with hydrostatic loop 
models (adapted from Maggio et al., 1995) Confidence regions at the 68%, 90% and 99% 
levels in the po - L (a), and in the fPoT (b) loop parameter space. The dashed line shows 
the locus where the surface filling factor f = 1, and the shading the unphysical region 
where f> 1. 

model to ROSATdata in the p, L plane, dramatizing the uncertainty in the 
determination of the parameters of the fitting model (notice that the upper 
and lower limits in L and in p are accounted for by the fact that only a 
limited region of the parameter space has ben explored). Similar results are 
obtained in the LT and in the pT planes. In contrast, the right panel shows 
that the average coronal pressure fpo and the maximum loop temperature 
Tmaz are reasonably well determined. 

A further point of interest in this discussion is the possible presence of 
multiple systems of loops, which has not yet been investigated systemat
ically. The discussion above can easily be extended, and two-temperature 
fits can be shown to be roughly equivalent to two-loops models. 

The main question arising from these considerations, however, is the 
following: considering that one-loop models give generally X2 values better 
than one-T isothermal models and comparable to two- temperature models 
(Maggio and Peres, 1995), are not they more acceptable, since they are 
based on sound physical concepts, or should we continue to prefer isother
mal models? 

3. Evidence from Transients 

It is well known that the size of a flaring region can be somewhat constrained 
by the decay time of the light curve. For instance, Reale et ai. (1988) gave 
a picture of a coronal loop in Proxima Centauri obtained by the analysis 
of an Einstein X-ray flare by means of a hydrodynamical code. 
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The improved efficiency of ROSAT gives now many more flares acces
sible to such analysis. Since hydrodynamic modelling is time consuming, 
we have developed a technique to analyze flares without having to build a 
specialized model for each event. The technique is based on the finding that 
the entropy in a flaring loops undergoes a phase of linear decay, whose rate 
is proportional to the length of the loop. During this phase, temperature 
and density are related by a scaling law (Serio et al., 1992): 

(8) 

where the exponent ~ = 2 for the temperature of the top of a solar loop, 
and assumes different values for the effective temperature measured in the 
pass band of different instruments, or when excess heat is deposited during 
the decay phase of the flare (Jakimiec et al., 1992; Sylwester et al., 1993; 
Reale et al., 1993). Recently Cargill, Mariska and Antiochos (1995) have 
re-obtained the same scaling law on the basis of an analytical model, and 
have also discussed the dependence of ~ on abundancies. 

It turns out that we can derive the length of loops with a reasonable pre
cision with this method. For example Sciortino et al (1995), using ROSAT 
PSPC spectra, determine loop lengths for 3 flares observed in Pleiades K 
stars, and 1 in a field M star. The lengths derived are much smaller than 
the scale height at flare maximum, indicating confinement. Since we also 
measure peak emission measure (E) and temperature, we can estimate the 
gas pressure, given the flare volume. Assuming that confinement is obtained 
from a magnetic field B in a loop with ratio of semilength to cross section 
radius "I, one can estimate B"I1/2 ~ 5.310-8T1/2(Ej L3)1/4. 

Although we do not know the value of "I, solar evidence and the results of 
Reale et al. (1988) for the Proxima Centauri loop indicate values of the order 
of .1. Using the values of temperature and loop length derived by Sciortino 
et al. (1995), the inferred magnetic fields are, therefore, B > 170 Gauss 
for Hz 892, B > 35 Gauss for Hz 1100, B > 360 Gauss for Hz 1516, and 
B > 120 Gauss for AD Leo. 

It remains to investigate further along this line how these results depend 
on abundancies and on the assumption, implicit in (8), that the flare volume 
remains constant during the decay. 

4. Redshifts in the Transition Region 

Finally, I would like to suggest a novel approach to obtain evidence on the 
existence of magnetic fields in stellar coronae. 

One puzzling result of Skylab and rocket solar UV observations was 
the discovery of 5 - 10K mj s red shifts in solar transition region lines (e.g. 
Brekke, 1993, and references therein). More recently, similar results have 
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been obtained on a variety of stars (Linsky, Wood and Andrulis, 1994; 
Linsky and Wood, 1995). 

Reale, Peres and Serio (1995 a) have modelled in details the dynamic 
evolution of isobaric perturbations in a loop atmosphere. They have shown 
that condensations in the transition region can cause downdrafts driven 
by radiative cooling. As a condensation falls through the atmosphere, it 
tends to cool down and to increase its density, thus enhancing radiative 
losses. Therefore, falling perturbations emit more than the background at
mosphere. 

A thorough exploration of the parameter space shows that significant 
redshifted emission, at speeds of several km/ s, can be produced both in 
active and quiet solar regions. The initial perturbations need to be moder
ately non linear (with density contrast ~ 1), and with sizes typically larger 
than several tens of kilometers (Reale, Peres and Serio, 1995 b). 

This mechanism might cause redshifts consistent with those observed, 
provided some constrains on the spectrum of the sizes of the perturbations 
and on their frequency are satisfied. As an example, figure 3 shows the 
distribution of time averaged flux enhancement in one of their models, 
representing an active region, as a function of velocity, in the hypothesis 
that the atmosphere is unmagnetized. The largest enhancements occur here 
for downward velocities of 4 to 7 km/ s. 

Even a small magnetic field, of the order of 1 Gauss, is strong enough 
to constrain these perturbations to fall along the field lines. When this 
happens, the falling perturbations can reach even higher values of velocity. 
In fact, suppression of motions and of thermal conduction in the directions 
perpendicular to the field lines conspire to make the condensations last 
longer and, therefore, to let them reach higher velocities. 

While the origin of the perturbations has not been studied in detail, 
it appears unlikely that they could be due to purely hydrodynamic ef
fects. Non linear MHD waves might have to be invoked in their genera
tion. Doubtlessly, detailed measurements of transition region line profiles, 
together with dynamical modelling of the transition region, have the po
tential of furnishing some further diagnostic of the existence of magnetic 
fields in the coronae of stars other than the sun. 
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RECENT VLBI OBSERVATIONS OF STELLAR CORONAE 

R. 1. MUTEL 
University of Iowa, Iowa City, IA 52242, USA 

1. Introduction 

This paper summarizes recent (1990-1995) VLBI observations ofradio emis
sion from active stars and how they have contributed to our understanding 
of stellar coronae. The observational results are first summarized and then 
applied to three broad questions concerning the physics of stellar coronae: 

1. Which radiation mechanisms are responsible for the radio emission? 
2. What is relationship between the X-ray emitting thermal plasma and 

the radio emitting regions? 
3. What is the geometry of the radio corona? 

I will not discuss exotic stars with collapsed companions, such as X-ray 
binaries or cataclysmic variables. For a more complete discussion of stellar 
radio emission see the recent reviews of Lang (1994, this conference) and 
Drake (1993). 

2. Recent VLBI Observations: Summaries by Class 

2.1. PRE-MAIN SEQUENCE STARS 

Phillips et at. (1991) and Andre et at. (1992) have conducted VLBI surveys 
of the p Oph and Taurus-Auriga star formation regions, detecting a total of 
eleven young stellar objects (YSO's). Radio emission from YSO's is detected 
preferentially from the weak-lined T Tauri stars or young B-A stars without 
emission lines (Andre et at., 1991). The emission is often mildly (rv20%) 
circularly polarized with a nearly fiat spectrum, similar to the well-studied 
RS CVn systems and consistent with a gyro-synchrotron emission process 
(e.g. Andre et at. 1992; Skinner 1993). The VLBI observations confirm the 
non-thermal nature of the emission, with typical brightness temperatures 
TB rv 108 K or higher. The corresponding linear sizes are 10-25 stellar 
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diameters, which is larger than the radio coronae of other stars, but appears 
to be consistent with the dead zone radius predicted by the model of Morris 
et al. (1990). 

A particularly interesting case is the T Tauri star HD283447 (Feigelson 
et al., 1994), in the Taurus-Auriga star formation region. It it the most lu
minous radio source in the region (O'Neal et al., 1990), is highly variable in 
total flux, and has measurable circular and linear polarization (Feigelson 
et al., 1994). VLBI observations at several epochs (Phillips et al., 1991) 
show a variable spatial structure, varying from unresolved « 2 stellar di
ameters) at 5 GHz to a well sampled Gaussian brightness distribution of 
FWHM 2.4 mas (14 stellar diam.) at 1.6 GHz three days later. Unfortu
nately, simultaneous multi-frequency observations were not available, so it 
is unclear whether the size change was primarily due to temporal evolution 
or is a result of frequency dependent source size. 

The well known protostar T Tau (S) was not detected using a sensitive 
VLBI array (Phillips et al., 1993) in spite of strong evidence that the radio 
emission is non-thermal: It is variable, has moderate circular polarization, 
and a spectral index which switches from negative to positive during out
bursts (Skinner and Brown, 1994). The source size lower limit derived from 
the VLBI non-detection is 1 a.u. (70 stellar radii) but this may be some
what lower if the compact radio structure has opposite circular polarization 
than that used in the observations. 

2.2. EARLY-TYPE MAIN SEQUENCE STARS 

Phillips and Titus (1990) detected the supergiants Cyg OB2 Nr. 9 (051f) 
and HD167971 (081b) with brightness temperatures TB f'V 107K and physi
cal size 50-100 stellar radii. They interpret the radiation as gyro-synchrotron 
emission in which relativistic electrons are accelerated by shocks in strong 
stellar winds (White, 1985). 

Felli and Massi (1991) detected the massive Wolf-Rayet binary sys
tem WR140 using the European VLBI Network (EVN) at 5 GHz, while 
Felli et al. (1991) reported the detection of the massive binary ()1 Ori A 
(BO.5V + TTau 7). Both were unresolved, indicating brightness temperatures 
TB > 107K. This confirms the presence of a non-thermal emission mech
anism since these stars lack hot coronae. In both cases, the size of the 
non-thermal emission is comparable with the binary system size. The rela
tivistic electrons could be produced by the interaction of stellar winds. 

2.3. CLOSE BINARIES 

Active close binaries, especially the RS CVns, have been the most inten
sively studied stars using VLBI arrays. This is largely because several of 
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the closest RS CVns have the highest average radio fluxes of any stellar 
source. Early VLBI studies of RS CVn and Algol binaries (e.g. Mutel et 
ai., 1985); Lestrade et ai., 1988; Massi et ai., 1988) found that the quiescent 
radio emission arises from an extended region comparable with the binary 
separation, whereas flare emission tends to be unresolved (less than a stellar 
diameter). Trigilio et ai. (1994) detected HR1099 during the decay phase of 
a strong flare at 5 GHz using the EVN. They found that the angular size in
creased over a period of 3 hours as the flare decayed, reaching 4 mas (Nsize 
of the binary system). The size evolution was based on a Gaussian fit to 
the projected baselines, since they did not have adequate spatial frequency 
coverage to produce a 2-dimensional map of the source. 

Lestrade et ai. (1993) used phase-referencing to a nearby extragalactic 
radio source to map the position of Algol's radio centroid with sub-mas 
accuracy. They observed during four epochs using a sensitive MkIII global 
VLB array. They established that the source's position in the binary orbit 
tracks the motion of the K subgiant rather than the B star, thus directly 
verifying the conjecture that the radio emission is associated with the more 
active K star. 

In spite of considerable observational effort, the detailed structure and 
temporal evolution of the radio coronae of active binaries are still poorly 
understood. This is now beginning to change as VLBA maps of these sys
tems become available. Bastian et al. (this conference) reports on dual
polarization 8.4 GHz maps of the RS CVN systems UX Ari and HR1099 at 
two epochs. During both quiescent and flaring states the source is extended 
over the binary system size. There may also be a displacement between the 
RCP and LCP centroid which might arise from oppositely polarized foot
prints of a large coronal loop (Beasley, private comm.). 

Mutel and Scharringhausen (1996) have studied Algol at 8.4 and 15 GHz 
with the VLBA. Like Lestrade et ai. they also used phase-referencing to 
provide sub-milliarcsecond positional information. Three 'snapshot' maps 
were made over eight hours referenced to a common phase center. The 
radio centroid was clearly seen moving in the same direction and at the 
same rate as the K star, thus confirming the result of Lestrade et ai. in 
a single observing session. They also found significant changes in the size 
and morphology of the source, with an overall scale of several times the 
diameter ofthe K star. 

2.4. DWARF M STARS 

The first successful VLBI detection of a single M-dwarfwas that ofYZ CMi 
at 1.6 GHz (Benz and Alef, 1991) using the EVN. The visibility data was 
sparse, but consistent with an unresolved source whose size was less than 
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3.4 stellar diameters. The corresponding brightness temperature (TB > 
2 . 109K) clearly indicated a nonthermal emission mechanism. Benz et ai. 
(1995) reported VLBI detections of the the M-dwarfs EQ Peg B and AD 
Leo also using the EVN at 1.6 GHz during highly circularly polarized flares. 
AD Leo was also detected during a quiescent period. In all cases, the sources 
were unresolved, implying size upper limits of 1.8-1.9 stellar diameters for 
both stars. This is somewhat smaller than the expected size of a closed 
coronal structure predicted from pressure equilibrium between plasma and 
magnetic field, and is also considerably smaller than the radio coronae of 
several other stellar radio sources (e.g. RS CVns, WTT stars). 

2.5. ASTROMETRIC VLBI: SEARCHING FOR PLANETS 

Lestrade and colleagues (Lestrade et ai. 1992; 1994; Jones et ai. 1995) have 
undertaken a series of phase-referenced VLBI observations of several RS 
CVn systems over several years to search low mass companions. The ob
servations are designed to search for small residual periodic motion after 
correction for parallax and proper motion. For the close binary a CrB, they 
fitted 8 epochs over 5 years, finding a residual rms scatter of 0.22 mas (1 
solar radius). This has two important implications. The first is that the sys
tem cannot have a Jupiter-size planets orbiting closer than ",4 a.u. Second, 
the radio emission cannot be centered on either star, since that would re
sult in a 1.2 mas periodic displacement of the centroid at the orbital period, 
which is not seen. 

While the spatial frequency coverage of the VLB array which has been 
used for astrometry is insufficient to allow mapping of the radio structure, 
this program of regular VLBI monitoring of the position should lead to 
interesting astrophysical results in addition to the primary goal of searching 
for extra-solar system planets. 

3. Related Radio Observations 

3.1. LONG-TERM MONITORING: EVIDENCE FOR PHASE DEPENDENCE 

One of the most intriguing new discoveries in stellar radio observations over 
the past few years has been mounting evidence for an apparent phase de
pendence in the radio light curves of several close binary systems. Catalano 
(1990) showed a plot of 8 GHz radio flares on Algol versus orbital phase 
with several apparent peaks. Neidofer et ai. (1993) monitored the RS CVn 
system UX Arietis from December 1992 to May 1993 using the Bonn 100m 
radiotelescope at several frequencies from 1.4 to 32 GHz. They found that 
larger flux levels were seen preferentially near primary eclipse i.e., when 
the more active K star was in front. They also found tentative evidence for 
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phase dependence of the degree of circular polarization, with the highest 
CP occurring near phase 0.5. Elias et al. (1994) monitored UX Arietis us
ing the VLA daily for a period of three weeks at 5 GHz. They also found 
that the radio :flux peaked near zero phase. They also observed UX Ari us
ing broad band visual photometry during the same period and found that 
the radio and optical light curves were anti-correlated, i.e. the maximum 
radio :flux occurred near minimum light, which corresponds to maximum 
starspot visibility. A radio :flux-starspot correlation was also found by Lim et 
al. (1995) for the rapidly rotating single K dwarf AB Dor. The radio peaks 
occurred near quadrature, and were also correlated with the presence of a 
large starspot, as determined by simultaneous optical monitoring. Finally, 
LeFevre et al. (1994) monitored the radio light curves of six RS CVn and 
Algol binaries at 5 G Hz using the VLA for a total of 70 hours over several 
years. While the temporal sampling was very non-uniform, there is some 
evidence for a recurrent phase dependent behavior. 

Unfortunately, in all these cases, a proper analysis of the statistical sig
nificance of the :flux density-phase correlation was not done, so it is difficult 
to judge whether the dependence is real. If it is real, it strongly suggests 
the presence of emission regions which are azimuthally asymmetric. For ex
ample, one can imagine the emission arising from one or more large coronal 
loops or possibly an interaction region between stars in a binary system. 
This is contrary to models which assume toroidal structures in which closed 
field lines trap radiating electrons (e.g., Morris et al. 1990, Linsky et al. 
1992). With the enhanced sensitivity and dynamic range of the VLBA, it 
should be possible to directly measure the degree of asymmetry of the radio 
coronae by direct imaging. 

3.2. MULTI-WAVELENGTH STUDIES 

During the past several years, several multi-wavelength observations of ac
tive stars have been published which have included extensive radio ob
servations. The observed wavelengths include radio (VLA, VLBI), optical 
(ground based, HST), UV (IUE, HST), X-ray (ROSAT,ASCA, EXOSAT), 
and gamma rays (GRO). The results have been largely disappointing: In 
the majority of cases, there appears to be little correlation between the ra
dio light curve and activity at other wavelengths. A few examples include 
multi-wavelength studies of the YSO HD283447 (Feigelson et al., 1994), 
UX Ari and Algol (Lang and Willson, 1988), several RS CVn systems (Fox 
et al., 1994), and AR Lac (Mutel et al., 1993). In some cases, there is a 
suggestion of correlation e.g., a strong radio :flare precedes an X-ray flare 
in (j CrB by '" 30 min (Stern et al., 1992). A quite interesting simultane
ous observation of HR1099 at X-ray, EUV, UV, and radio is shown in this 
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conference by Brown et ai., but the flares at different wavelengths were not 
coeval. In such cases, it is imperative to establish the frequency of flares 
at each wavelength over a long timescale in order to properly evaluate the 
statistical significance of a proposed correlations. 

3.3. RADIO EMISSION MECHANISMS 

3.3.1. Quiescent Radio Emission 
The most common mechanism used to explain quiescent (non-flare) stel
lar radio emission is been gyro-synchrotron emission from mildly rela
tivistic electrons in magnetic fields of 10-100 gauss. This mechanism has 
been repeatedly invoked for almost all stellar classes e.g., PMS stars (An
dre, 1995), early-type chemically peculiar stars (Drake et ai., 1987), RS 
CVns (Chiuderi-Drago and Franciosini, 1993), Algols (Umana et at., 1991), 
and late-type dwarfs (Glidel, 1994). This mechanism is consistent with 
the observed circular polarization, nearly flat spectral indices, radio lumi
nosities, and brightness temperatures. Gyroresonant absorption from non
relativistic electrons may play role in some M-dwarfs (e.g. Linsky and Gary, 
1983; Glidel and Benz 1989), but this requires substantially higher magnetic 
fields. 

Some aspects of quiescent emission are still controversial. Most gyro
synchrotron models assume a power-law distribution of relativistic elec
trons, but Drake et ai. (1992) argues that a 'super-thermal' tail of the 
X-ray emitting thermal distribution might be a plausible alternative. How
ever, this would require very strong (B,<,200G) magnetic field at large dis
tances from the star, and would also require a very sharp cutoff (SlI ex: v-8) 
in luminosity above the spectral peak, which has never been seen. If the 
electrons do have a power-law energy distribution, the exponent could in 
principle be measured by VLBI by determining the brightness tempera
ture dependence on frequency, since TB(V) ex: v-O•90 where 6 is the energy 
power-law index of the electrons (Dulk, 1985). 

White and Franciosini (1995) have suggested that the observed reversal 
of circular polarization with frequency (Morris et ai., 1990) is not due to 
mode-coupling as the emitting region becomes optically thick, as in the 
models of Morris et ai. (1990) or Storey (1995). Rather, they suggest that 
the gyro-synchrotron component is only weakly polarized, and that the 
observed circular polarization arises from a highly polarized coherent com
ponent. They present VLA observations in which highly polarized, rapidly 
variable microflares are seen superposed on a slowly varying, unpolarized 
component. It is not clear how common this phenomenon is: Rucinski et 
at. (1993) monitored two RS CVn systems at the VLA for several hours 
and found no evidence for rapid flux variations on timescales of seconds to 
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minutes. 
A possible test of the White and Franciosini hypothesis would be to 

search for an offset between the centroid of the highly polarized unresolved 
(TB > 1012K) emission and the unpolarized, unresolved (TB N 109- 11 K) 
emission using a dual circular polarization VLB array. A positional offset 
should be expected since the coherent emission region would be unlikely to 
be located exactly at the centroid of the extended radio corona. 

3.3.2. Radio Flares 
Unlike quiescent emission, stellar radio flares display a bewildering variety 
of characteristics. Many flares display telltale signs of coherent emission in
cluding impulsive, short duration temporal structure and very high circular 
polarization. Some examples include quasi-periodic, frequency drifting M
dwarf flares (Bastian et at., 1990), the remarkable impulsive flares at 360 
and 609 MHz on the RS CVn system II Peg (van den Oord and de Bruyn, 
1994), and 'microflaring' on HR1099 (White and Franciosini, 1995). Pro
posed emission mechanisms include an electron-cyclotron maser (Bastian 
et at., 1990), and plasma emission from double layers (van den Oord and 
de Bruyn, 1994) or from pulsed runaway electron acceleration (Kuijpers et 
al., 1981). On the other hand, many flares last hours or days, have little 
or no polarization, and are very broadband. These flares are ascribed to 
synchrotron radiation from fully relativistic electrons. 

In principle, VLBI observations can easily distinguish between coherent 
and incoherent processes by a simple measurement of brightness tempera
ture, since coherent processes will have TB > > 1012K whereas incoherent 
processes cannot exceed the inverse-compton limit TB N 1012K. For weak 
sources, this can be problematical, since the maximum brightness temper
ature which can be resolved by a terrestrial baseline is 

TB( max) N 1011 SmJy K 

independent of wavelength. 

4. Implications for Coronal Models 

4.1. WHAT IS THE RELATIONSHIP BETWEEN THE X-RAY AND RADIO 
EMITTING REGIONS? 

Glidel and Benz (1993) and Benz and Glidel (1994) have found a surprising 
correlation between the radio and X-ray luminosities of a large number of 
magnetically active stars. The correlation ranges over ten orders of magni
tude, from the active Sun to many classes of active single stars, binaries, and 
pre-main sequence objects. This correlation is especially surprising since it 
is clear that the thermal electrons responsible for the X-ray emission are 
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not identical with the relativistic electron seen at radio wavelengths. The 
relationship is therefore statistical and seems to imply that the relativistic 
electrons are accelerated from the reservoir of thermal electrons. This im
plies that the energy sources for coronal heating and particle acceleration to 
relativistic energies are closely linked. The correlation is nearly linear, indi
cating that the mechanism maintains a roughly constant ratio of thermal to 
non-thermal electron densities. Linsky (1995) has recently suggested such 
a mechanism, in which electrons above the mean of the thermal distribu
tion experience 'runaway' acceleration to relativistic energies by a Dreicer 
electric field, possibly generated by turbulent, time-varying magnetic fields. 

Given the statistical relationship between radio and X-ray luminosities 
and the obvious familial coronal relationship, it is useful to compare the 
radio sizes found from VLBI observations with those derived from X-ray 
eclipses to try to understand the relationship between the two regions. A 
well documented case is the eclipsing RS CVn system Algol, for which 
there are both VLBA maps and X-ray eclipse observations from two satel
lites at several epochs. Ottman (1994, ROSAT) and Antunes et ai. (1994, 
ASCA) have both observed minima near phase ",,0.45, with significant or
bital modulation of the hot component (20MK) light curve outside eclipse. 
The overall light curve is remarkably similar in both observations (which 
were 1 year apart), suggesting a stable X-ray emitting region (loop?) on 
the K star's leading hemisphere with a scale height 0.8 times the K star 
radius. 

By comparison, the 8.4 GHz VLBA map of Algol (Mutel and Scharring
hausen, 1996) shows a radio FWHM size 2.8 times the radius of the K star. 
There is also some evidence for a phase dependent radio light curve on Al
gol (LeFevre et al., 1994). Although we cannot register the X-ray and radio 
structures observationally, a plausible picture emerges in which the radio 
corona overlays a large hot thermal coronal loop from which the energetic 
electrons are accelerated by some undetermined process. 

4.2. THE GEOMETRY OF THE RADIO EMITTING CORONAL GAS 

Until very recently, stellar VLBI studies have largely been restricted to 
the most intense emitters and to rough estimates of angular structure at 
a single frequency, since the existing VLBI arrays had limited spatial fre
quency coverage and sensitivity. However, there has been precious little 
two dimensional structural information. Published models of radio coronae 
have largely used the observed spectra and polarization of quiescent radio 
emission as model constraints. The models often invoke trapped plasma in 
closed magnetic structures situated in a symmetric toroidal region centered 
on the magnetic equator ofthe active star. On the other hand, models based 
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on recent X-ray eclipse observations of several late-type systems appear to 
show large-scale asymmetric structures (e.g. AR Lac, Siarkowski, 1992; TX 
Pyx, Pres et ai., 1995). In the latter case, it appears that large magnetic 
loop structures may connect the two stars and perhaps play an important 
role in particle acceleration. This is similar to V471 Tau (Lim et al. 1995) 
in which the evidence for radio emission between the K dwarf and the white 
dwarf is very strong. Future high fidelity VLBA images of these systems 
will play a key role in understanding the detailed geometry of the stellar 
radio coronae. 
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1. Introduction 

In view of the importance of these objects as observational probes for the
ories of stellar dynamos and coronal heating, as well as their potentially 
important role in the galactic environment, we implemented a program 
of pointed RO S AT PSPC observations of selected M dwarfs in the so
lar neighborhood. We derive key coronal plasma parameters based on the 
observed PSPC pulse-height distributions in order to investigate stellar 
coronal structure in more detail. In particular, we utilize temperatures and 
emission measures inferred for one or more distinct coronal components as 
constraints for the development of semi-empirical magnetic loop models as 
representations of the coronae of low mass stars (Giampapa et al. 1995). 
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2. Discussion 

We find that the corona of low mass dwarfs consists of two distinct thermal 
components: a "soft" component with T N 2-4 X 106 K and a "hard" com
ponent with T N 107 K. The low-T emission component is characterized 
by loop scale lengths substantially smaller than the corresponding pressure 
scale height; thus these compact structures are consistently described by 
loop scaling laws (Rosner, Tucker & Vaiana 1978; RTV). By contrast, the 
high-T emission component is characterized by loop scale lengths of the 
order of, or larger than, the corresponding pressure scale height, unless the 
filling factor (1) is much smaller than unity. Thus, if f N 1 for this com
ponent, then these loops are not consistently described by the simple RTV 
scaling laws. Time-resolved spectroscopy of the X-ray data supports the 
idea that the low- and high-T emission components are physically distinct; 
the low-T component is relatively constant while the high-T component 
contributes preferentially to the observed count-rate variations. Hence the 
high-T component cannot be consistently modeled by quasi-static struc
tures (RTV), and is more likely associated with a superposition of emission 
from flaring coronal structures. Our study therefore suggests that these 
stars do not have a large-scale magnetic field structure which is a feature 
of "classical" (0: - w) dynamo theory. We therefore suggest that "classical" 
dynamo action does not occur in the cool, low mass dwarfs. 

With regard to rotation, which has a direct bearing on dynamo action, 
we know from observations that the lowest-mass stars spin down (via mag
netic braking) more slowly than the more nearly solar-type stars (Stauffer 
& Hartmann 1987). The compact loops we find for the low-temperature 
component suggests a natural explanation: The smaller moment arms im
plied by the high multipole-moments suggested by our loops models would 
lead to a reduced efficiency for magnetic braking. A preliminary model of 
the active GO V star, 1f1 UMa, shows that its hard-component can be de
scribed by relatively more extended structures, in contrast to that found for 
the M dwarfs. We therefore contend that it is the coronal field configuration 
which systematically modifies the wind and mass loss properties as a func
tion of stellar mass that, in turn, leads to the observed mass-dependence of 
rotational evolution on the main sequence. 
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Extended Abstract 

X-ray satellites have greatly increased our knowledge of physical param
eters of coronae and flares in active binary systems. GINGA, in particu
lar, observed large flares in UX Ari (Tsuru et at. 1989), V711 Tau (Stern 
et ai. 1996), II Peg (Doyle et ai. 1991), and Algol (Stern et ai. 1992). These 
systems invariably show evidence of quiescent plasma temperatures of at 
least 10 MK, with thermal plasma temperatures exceeding 60 MK dur
ing flares. (A large flare apparently associated with the M dwarf system 
EQ1839.6+8002 reached temperatures near 100 MKj Pan et al. 1995). The 
total volume emission measures for the largest flares in active binaries can 
be as large as 1054_1055 cm -3. When plotted on a log EM -log T plot (de
veloped by solar X-ray flare researchers), time histories ofthese flares may 
be studied in much the same manner as for solar flares (see Figure 1). 

A related topic is the increasing evidence for reduced Fe abundances and 
abundance variations indicated in GINGA, ASCA and EUVE observations. 
Differences in solar photospheric and coronal abundances have, of course, 
been studied for well over a decade, and are thought to be related to the first 
ionization potential (FIP, e.g. Meyer 1985). In addition, abundance varia
tions in solar active regions and flares are currently the subject of intense 
research (Saba and Strong 1992). Very recently, ASCA and EUVE obser
vations are revealing curious apparent sub-solar Fe abundances in coronae 
of active binary systems (Drake et ai. 1994, White et at. 1994, Antunes 
et al. 1994, Stern et ai. 1995). Earlier flare observations of Algol by GINGA 
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suggest a sub-solar and time-varying Fe abundance, (Stern et ai. 1992). Re
cently, Ottmann and Schmitt (1995) have interpreted ROSAT PSPC ob
servations of another X-ray flare on Algol as showing abundance variations 
similar to the GINGA flare. 
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Figure 1. Evolution of stellar X-ray flares observed by GINGA in "log T -log (EMl/2)" 
space. The abcissa is proportional to log ne for a constant flare volume. The dashed 
lines show the predicted evolution for a "quasi-statically" evolving flare decay. The solid 
contours are 90% confidence regions for the derived parameters. 
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ELEMENT ABUNDANCES IN STELLAR CORONAE 

J.J. DRAKE 
Center for EUV Astrophysics, 
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AND 

J.M. LAMING AND K.G. WIDING 
E. O. Hulburt Center for Space Research, 
Naval Research Laboratory, Washington DC 20375, USA 

About two years ago, the intrigue of the solar "FIP Effect"-that coro
nal abundances of elements with a low FIP (~10 eV; e.g Fe, Mg, Si, Ca) 
are observed to be enhanced relative to those of high FIP elements ( ~ 10 
eV; e.g. 0, Ne, S; see e.g. the review by Meyer 1993)-prompted us to study 
stellar coronal abundances based on new EUV spectra obtained with the 
Extreme Ultraviolet Explorer (EUVE). Our results to-date indicate that 
some stars appear to show a solar-like FIP Effect, whereas others do not 
(Drake et al. 1995abc; Laming et al. 1995ab). These results are summarised 
in Fig. 1. Also in Fig. 1 is a column labelled "MAD"-metal abundance 
deficient. Recent analyses of both ASCA and EUVE spectra of RS CVn's, 
algol binaries and active single stars have found their coronae to be sur
prisingly metal deficient with respect to the Sun-by factors of 2-3 to as 
much as 10 (Singh, S.A.Drake & White 1995 and references therein; Stern 
et al. 1995; Schmitt et al. 1995). Are the coronae of these stars depleted 
in metals relative to their photospheres? Optical work indicates that the 
RS CVn photospheres are also metal poor (e.g. Randich et al. 1994 and 
references therein). However, the RS CVn's and Algols are in general rela
tively young (I'V 2-3 Gyr and < 1 Gyr, respectively), and not expected to be 
metal poor; are the photospheric lines in-filled by chromospheric activity? 
The photospheric abundances warrant further investigation. 

If the MAD syndrome is a new coronal abundance anomaly shared by 
the very active stars, can both FIP and MAD be explained by the same 
processes? Recent diffusion models are appealing: von Steiger & Marsch 
(1994) show that a relatively simple chromospheric diffusion model yields a 
fractionation very similar to the observed solar FIP Effect. We notice that 
the middle regions of their model exhibit an inverse fractionation according 
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Figure 1. A summary (or confusion?!) of stellar coronal abundance results. 

to FIP which is reminiscent of the MAD syndrome! We also note that a 
corona substantially enriched in He could mimic metal depletion through 
He's larger (rv Z2) contribution to the Bremsstrahlung continuum, lowering 
the metalline-to-continuum ratio. Such He enrichment is predicted by some 
solar diffusion models (e.g. Hansteen et al. 1993). 

Future EUVE, ASCA and optical studies should produce some answers. 
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II. Wind and Mass-Loss from the Sun and Stars 

11.1. Wind and Mass-Loss from the Sun 



YOHKOH OBSERVATIONS OF CORONAL MASS EJECTIONS 

H. HUDSON 

Institute for Astronomy, University of Hawaii, 
Honolulu, HI 96822, USA 

Abstract. The soft X-ray telescope on Yohkoh has given us comprehensive 
views of the solar corona beginning in September 1991. A movie repre
sentation reveals numerous variations of configuration and structure, in
cluding material ejections of various kinds and the formation of arcades 
of loops, known from earlier observations to have a close association with 
coronal mass ejections (CMEs) observed with visible-light coronagraphs. 
YohkohjSXT observes solar mass loss closely related to the well-known 
CME phenomenon, both associated with solar flares and with large-scale 
arcade events outside the active latitudes. In addition there are other forms 
of mass loss, including the gradual ejection of loops from active regions and 
the impulsive formation of X-ray jets. These probably imply forms of stellar 
mass loss that had not been recognized prior to the Yohkoh observations. 

1. Introduction 

The Sun often launches mass outwards in discrete events. This mass, along 
with its frozen-in magnetic fields, may then become a part ofthe solar wind. 
Specifically, coronal mass ejections (CMEs) occur several times a day in ac
tive conditions. The defining observations of CMEs are those of white-light 
coronagraphs, but there are strong relationships with certain signatures 
obtained with in situ observations made by interplanetary spacecraft 

This paper reviews a fundamentally new form of observation of coronal 
mass ejections, namely the view obtained from time series of soft X-ray 
images of the dynamic corona. The Yohkoh observations represent the first 
comprehensive data set of this type. It began in September, 1991, and con
tinues through the time of writing of this paper. During this interval there 
have been no space-borne coronagraph observations, so that the precise 
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identification of the X-ray morphology with the familiar views of CMEs 
obtained in that manner is not possible. Klimchuk et al. (1994), however, 
showed that CME-like properties indeed could be easily seen in the Yoh
koh/SXT limb observations. On the other hand, this has been an exciting 
interval for interplanetary observations, with the polar passages ofthe Ulys
ses spacecraft providing the first-ever views of the polar solar wind and the 
effects of coronal mass ejections at high latitudes. 

2. The Nature of the SXT View of the Corona 

Yohkoh/SXT responds to soft X-rays in ranges near 1 keY (lOA) which 
include the natural emission domain of plasmas at coronal temperatures. 
Tsuneta et al. (1991) give a full description of the instrument, which (in 
brief) uses a grazing-incidence mirror to feed a CCD sensor with a pixel 
arra.y of 1024x 1024 2.45" pixels, subtending a total angular field of 42' 
square. The telemetry capacity of Yohkoh allows the transmission of about 
20 whole-Sun images, with 2x 2-pixel summations (rv5" pixels), per 97-
minute orbital period of the spacecraft. These images must be distributed 
among different broad-band filters and exposure times, so that the typical 
time cadence for large-scale coronal observations is on the order of ten 
minutes. However there are gaps in this coverage induced by various factors, 
including orbit night and flare occurrence (this causes an automatic mode 
switch that eliminates the full-Sun images). 

There are several substantial differences between soft X-ray observa
tions of the Yohkoh type, and white-light observations. In general the X-ray 
observations offer a better view near the Sun, and provide more diagnos
tic information (temperatures). However most of our knowledge of CMEs 
comes from the white-light data, so it is important to understand the dif
ferences in the data being reported here. The principal points to note are 
the following: 

- Contrast. Because the X-ray emissivity depends strongly upon tem
perature, there is a much larger dynamic range in X-ray images of the 
solar corona than in white light. 

- Field of view. The maximum height sampled by Yohkoh/SXT at the 
limb normally is below 1.5 Ro from Sun center, whereas white-light 
coronagraphs often do not look below this height. 

Disk observations. The soft X-rays show the entire visible hemisphere. 

Differential emission measure. The SXT response to coronal plasma 
emission is a (non-linear) function of temperature, as opposed (for 
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example) to the flat response in the case of electron scattering (white
light coronagraph) or thermal free-free emission (dominant at radio 
wavelengths outside magnetic regions). This means that brightness 
does not transcribe so directly into mass or density. 

Of these differences, perhaps the great contrast in soft X-rays is the most 
limiting. The CCD sensor views the entire Sun, including active regions as 
well as the faint corona. This means that long exposures appropriate for 
the corona may saturate. Of course this ability to detect active regions is 
also an advantage, because the action and consequences of CME launching 
can be studied in detail, even well away from the limb. 

3. SXT Observations of Solar Mass Loss 

YohkohjSXT provides a global view of the corona within its field of view, 
which is a square 0.70° across. The pointing axis of the telescope is almost 
always situated so that the entire disk is visible, except during special 
operations, and transmits full-Sun images at 2x 2-pixel summation, i.e. with 
an effective pixel size of 4.91". This view does not correspond well with that 
of a normal coronagraph, and this helps to explain the strong differences of 
morphology that are in fact observed. The YohkohjSXT data, in fact, show 
several forms of coronal mass loss, some of which differ strikingly from the 
classical CME phenomenon (e.g. Kahler, 1992). In addition to the eruptive 
events we associate with CMEs, which are described below in further detail, 
there are smaller-scale eruptions with no known counterparts in white light: 

- Expanding active-region ioops. One of the first discoveries in the new 
X-ray data was the tendency for some active-region loops to expand at 
intermediate speeds (10-50 km 8-1 ), rather than remain static (Uchida 
et ai., 1992). Perhaps this result should not have surprised us, be
cause newly emerging flux is a characteristic property of solar active 
regions. This observation suggests that a magnetically-driven outward 
flow from active regions may contribute to the solar wind. 

Soft X-ray jets. The common occurrence of X-ray jets, invariably as
sociated with flare properties at their feet, provide anothers possible 
channel of mass loss. YohkohjSXT has made the first observations of 
such jets (Shibata et ai., 1992; Strong et ai., 1992; Shimojo et ai., 1996) 
because of its greatly improved time coverage. The jets have recently 
been identified with Type III bursts (Aurass et ai., 1994; Kundu et 
ai., 1995; Raulin et ai., 1996). The X-ray jet consists of plasma flowing 
outwards, and the Type III burst depends upon non-thermal electrons 
that have been detected in the solar wind directly (e.g., Lin 1985). This 
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identification therefore means that - in some cases at least - the out
ward flow of the jet may continue into the outer corona and contribute 
to the solar wind. 

The interpretation of these two newly-discovered phenomena as mecha
nisms for solar mass loss has not yet been placed on a quantitative footing, 
and much further research needs to be done. 

4. The Coronal Mass Ejections Themselves 

The classical CMEs, as identified in coronagraph images, have a broad 
range of characteristics but some simplifying patterns (Hundhausen, 1993). 
The structure consists of an outward-moving front, plus (ideally) a void 
following the front, and cooler material identified with an erupting filament 
emerging with the void. Standard interpretation (e.g. Low, 1994) relates the 
void to the flux rope thought to be necessary to support the filament before 
eruption. The mass driven outwards mainly comes from already-existing 
coronal material, so that there is no need to dredge it up in real time from 
lower altitudes. The solar counterparts of the mass ejections are eruptive 
flares of the type that often create post-flare Ha loops (the long-duration 
events, or LDEs). Similar but larger-scale phenomena without bright flare 
emissions may also accompany CME launches (Harvey, 1996). These often 
occur even at high latitudes, far from active regions. The filament itself 
seems not to be central to the CME launch, but the geometry in which a 
filament can sometimes form does seem to be universally required. 

The YohkohjSXT data show parts of the corona disappearing, presum
ably during the formation of a CME (Hudson et at., 1996; Lemen et at., 
1996). We illustrate this kind of observation with two examples in Figures 1 
and 2, one of an LDE flare (13 Nov. 1994; Hudson et al., 1996), and one 
of a high-latitude large arcade event (24 Jan. 1992; Hiei et at., 1993). The 
photometry in these figures shows the time variation of integrated bright
ness in selected regions, which reflects the time scale of mass removal at 
the location chosen. More complete analyses could in principle determine 
the mass loss (by difference images) or the pattern of mass flow (by cor
relation tracking). We have made estimates of the mass, and find for the 
flare event that the mass of the discrete structure (shown in the Figure) 
is about 4 X 1014 g, a lower limit because of the difficulty of estimating 
the mass flow arising near the flare proper (not shown in the Figure). This 
difficulty results from the continuous nature of the outward flow during the 
interval of flare brightening, and from the contrast problem (the difficulty 
of detecting faint features near bright ones). For the 24 Jan. 1992 event, a 
rough estimate is about 1015 g. These estimates are within errors of the typ
ical range of CME masses, although this means very little given the broad 
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Figure 1. Example of mass loss associated with an LDE flare, 13 Nov. 1994 (Hudson 
et al., 1996). The figure shows before (left) and after (right) images of a large structured 
cloud adjacent to the location of an M1.2 LDE flare. This flare exhibited multiple forms 
of mass ejection, but the one we believe most likely to be associated with a CME is 
the structured cloud shown here. This was observed to move slowly (projected velocity 
""'100 km S-I) outwards during the phase of increasing flare brightness and to disappear 
almost completely during a 63-minute data gap. This event was not observed as a true 
CME (i.e., in a coronagraph) but would not have been easily observable because it 
occurred near disk center. 

range of this prop-erty. A more explicit comparison would be interesting but 
would require simultaneous coronagraph and X-ray data. 

5. Interplanetary Connections 

A CME launched from the corona almost by definition produces effects in 
the solar wind, and sometimes striking results on the Earth and its mag
netosphere. The advent of X-ray imaging with good time coverage makes 
the identification of the solar and interplanetary parts of this phenomenon 
much easier. 



94 

Figure 2. Example of mass loss associated with large arcade event, that reported by 
Hiei et al. (1993). The light curves at bottom show the soft X-ray fluxes observed in the 
two boxes shown on the difference image at the top. The contour shown for the latter 
is the zero contour; i.e., the negative regions represent deficits between the times of the 
images (14:33 UT minus 06:01 UT). The subsequent rise in the light curve meaured 
directly above the arcade results from the increasing height and brightness of the large 
cusp (helmet streamer) following the event. The light curve from the area adjacent to 
the arcade just shows dimming. Note that these observations precisely identify the time 
of the mass ejection, which unfortunately occurred during night at the Mauna Loa Solar 
Observatory. 

Lemen et al. (1996) studied a sample of interplanetary events detected 
during the Ulysses south polar passage. These events were in general de
tectable in Yohkoh soft X-ray images, either as a flare event (two examples 
out of seven), as a large-scale arcade event (four) or as a filament-related 
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event. These categories are not mutually exclusive, of course; the main 
point is that the full-disk observations in soft X-rays allowed the probably 
identification of all seven events. Two of them occurred behind the limb, 
but portions of the soft X-ray sources rose into view. 

The ionization temperatures of the interplanetary particles (Galvin et 
at., 1996) showed no obvious correlation with the soft X-ray temperatures. 

6. Conclusions: Geometry and Mechanisms 

The YohkohjSXT data show several forms of mass ejection from the solar 
corona. As expected from the coronagraph data, events probably associated 
with "true" CMEs show clearly measurable dimmings of the X-ray corona 
near the site of the flare or large arcade brightening. Here we define a true 
CME as one detected in the usual manner by a white-light coronagraph. 
The analysis of such Yohkoh observations is in its infancy at the time of 
writing, but we expect many interesting results in the future. Much of this 
work will depend upon joint analysis of white light and X-ray data, for 
which we can look forward to the SOHO data. The correlation-tracking 
analysis of X-ray brightness fluctuations to determine the geometry of the 
CME motions near the Sun, using the Yohkoh data, is difficult and has 
not yet been seriously attempted. Since the images show the "dimming 
corona" so well, this may be possible in the future and in any case would 
be extremely desirable because of our ignorance of the geometry. 

The dimming of the corona as seen in soft X-rays is a high-contrast 
phenomenon, as can be seen from the amplitude of the light curves shown in 
Figures 1 and 2. This helps to increase the signal-to-noise ratio, but it should 
be noted that still higher sensitivity than that of SXT would be better still. 
Stereoscopic observations would provide another great improvement in the 
directions that the YohkohjSXT data point. 
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QUIET CORONA AND MASS LOSS 

G. Noel 

Dipartimento di Astronomia e Scienza dello Spazio - Universitd 
di Firenze 
Largo Fermi 5 - 50125 Firenze, Italy 

1. Introduction 

The quiet corona is a rather undefined entity, so that the argument of the 
title of this talk is rather wide. I have interpreted it as referring to the origin 
of the slow solar wind, although the 'slow' solar wind is also not terribly 
well defined. 

The presence in the solar wind of high speed streams was recognized 
since the observations of Mariner 2 (Neugebauer and Snyder, 1966), which 
showed that several times, during the observational period (about four 
months), the solar wind speed changed abruptly from the 300 - 400 km/sec 
range to above 600 km/sec. These high speed streams have been studied 
extensively. It is outside the scope of this talk to discuss their characteris
tics in detail. It is necessary to recall, however, that they appeared, since 
the early observations, to differ from the slow wind for various physical pa
rameters, beyond bulk speed, as the proton temperature and the density. 
Later works (see section 2.1) have shown that they differ also in the helium 
abundance. 

To understand the fast wind/slow wind difference, and, in particular, 
the slow solar wind, one has to clarify a number of problems. The most 
interesting are, in my opinion, the following ones: 

- which is the region of origin of the slow solar wind 
- why the slow wind is so much slower than the fast one 
- why the He abundance in the slow wind is lower than in the fast one. 

I will discuss them in the rest of this talk. 
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Figure 1. a} Artist's drawing of dipolar corona (from Hundhausen, 1977). b} Intersection 
of an irregularly shaped streamer belt with the 1 a.u. sphere: slow wind in the gray region 
around field reversal, fast wind outside it. (From Gosling et al., 1981.) 

2. The region of origin of the slow solar wind 

2.1. EARLY WORK 

The structure of the heliosphere began to be understood when it was rec
ognized that the recurrent streams of fast wind originate in coronal holes 
(Noci, 1973; Krieger et al. 1973; Bell and Noci, 1973, 1976; Neupert and 
Pizzo, 1974), coronal regions where the magnetic field is open towards the 
interplanetary space, and that the main holes occupy permanently the po
lar caps. Hole properties and heliospheric structure were studied extensively 
during the Skylab era (see Zirker, 1977, for a review). 

A further clarification came from the study of Bame et al. (1977), who 
analyzed three years of IMP 6, 7, 8 data, and found that the plasma pa
rameters, with the exception of the bulk speed, were much less variable in 
the fast than in the slow wind. Bame et al. (1977) gave particular attention 
to the a-particle concentration, for which they found the mean value 0.038, 
with 47% variability {standard deviation}, in the slow wind, and 0.048, 
with 10% variability in the fast wind. Bame et al. 's conclusion was that the 
structureless solar wind is rather the fast than the slow wind, which is to 
be seen as a kind of perturbed version of the fast wind flowing from coronal 
holes. 

In a further study based on the IMP data (Borrini et al., 1981; Gosling 
et al., 1981), the behaviour of various interplanetary plasma parameters 
(including helium abundance) was analysed, as a function of the distance 
from the boundary between two magnetic sectors. This analysis showed a 
minimum of the wind speed and also of the helium abundance at the sector 
boundary. 
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Figure 2. Plots of the solar wind speed (Va, dashed) and freezeing-in 0+7 /0+6 temper
ature (To) as a function of time, during recurring transitions of Ulysses between regions 
of slow solar wind and the fast solar wind originating in the southern polar hole. (From 
Geiss et aI., 1995.) 

As a conclusion of these early works the heliosphere came to fit into 
a rather simple overall pattern, having basically a dipolar structure, the 
streamer belt extending out into the interplanetary space around a current 
sheet (Figure la). In this picture the fast wind flows in both unipolar re
gions in which the interplanetary space is divided by the current sheet, the 
slow wind being confined to the borders of those regions. The slow wind, 
therefore, would come from the sides of the streamer belt, e.g. from the 
peripherical parts of the polar holes and of their low latitude extensions. 
This is shown in Figure lb , which depicts a less idealized situation than 
that of Figure la. In this picture slow solar wind is observed only when the 
measuring spacecraft is close to the current sheet. 

2.2. RESULTS FROM ULYSSES 

Observations of different ionization stages present in the solar wind give 
information on the temperature of the coronal layers where the ions con
sidered become frozen in the plasma. The coronal temperatures obtained 
in this way with the Solar Wind Ion Composition Spectrometer (SWIC
S) on board the Ulysses spacecraft (based on the 07+/06+ ratio) have 
been compared by Geiss et al. (1995) with the wind speed, and an inverse 
correlation was found (Figure 2). The association between high speed and 
low temperature is not surprising, since the source regions of the fast wind 
(coronal holes) are known to be the coolest coronal regions, but the found 
correlation also indicates that the slow wind comes from hotter regions, 
which is an important result. 
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Figure 3. Superposed epoch plot showing the variations, during the solar rotation period, 
of wind speed, freezing-in 0+7/0+6 temperature and Mg/O ratio. (From Geiss et aI., 
1995.) 

Another important information comes from the correlation between the 
coronal temperature, obtained as indicated above, and the abundance ratio 
Mg/O (Geiss et al., 1995), which is a good indicator of the FIP effect (the 
effect which makes overabundant, in the solar wind, the elements with 
potential of first ionization below", 10 e.v.). 

Figure 3 shows the coronal temperature, the Mg/O ratio and the wind 
speed, measured by the SWICS instrument, plotted, as a function of time, 
with the use of a superposed epoch tecnique to accumulate the effects of 
successive rotations. The anticorrelation between temperature and wind 
speed is apparent, as is the correlation between temperature and strength 
of the FIP effect. Figure 3 shows also that the borders between the region 
of origin of the slow wind and that of the fast wind are very narrow. 

Since the FIP effect is believed to be indicative of the chromospheric 
conditions, this implies that the slow/fast difference originates in layers 
deep rooted in the solar atmosphere. 

These Ulysses results fit in the picture described in the previous sec
tion, with the slow wind originating from the coronal hole borders/streamer 
flanks. 

2.3. OTHER PROPOSED SLOW WIND SOURCES 

Active regions have been proposed, recently, as possible sources of solar 
wind by Uchida et al. {1992}, on the basis of the observations of the soft 
X-ray telescope on board the Yohkoh satellite, which suggest a continuous 
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expansion of the coronal loops. 

Another proposed possibility is a non-stationary solar wind, with a prin
cipally patchy nature, made up from plasmoids being pushed upwards by 
the magnetic pressure of the ambient corona. The evidence for such a see
nanv comes largely from the observation of explosive events near the solar 
limb; some additional evidence comes from the observation that the quiet 
solar wind is highly structured {Thieme et al., 1990, who found, however, 
that also the fast wind is structured, particularly inside 0.5 a.u.}. See also, 
on this point, Neugebauer {1981}. It is worth noting that this theory is in 
line with the greater variability of the physical parameters observed in the 
slow wind, compared to the fast one {section 2.1}. 

3. The fast/slow difference 

It is well known that the steady models of solar wind are not able to repro
duce the observations if 'ad hoc' energy deposition terms are not included 
in the equations, both for the slow and the fast solar wind. To attribute 
to differences in these terms the difference in outflow speed has, however, 
little meaning, since observational evidence of such an energy deposition is 
laking. 

More significant have been studies on the effect of the geometry of the 
flow, in particular of the rapid expansion of the cross-sectional area of a 
flux tube. These studies have been initiated by Kopp and Holzer {1976}, 
who found that an expansion of the flow such that the cross-sectional area 
increases with the heliocentric distance r more than proportionally to r2, 
has an influence on the topology of the solutions v{r} of the solar wind 
problem. The influence is small, and limited to the inner corona, if the ex
pansion factor grows slowly, but becomes profound if it grows rapidly. (The 
expansion factor f is defined by comparing an infinitesimal cross section da 
of a flux tube at r with the cross section dao of the same tube at r = rev, 
f(r) = da r~/d(Jo r2.) The effect of a rapidly growing expansion factor is 
that of decreasing the heliocentric distance of the critical point and increas
ing the flow speed both in the inner corona and in the interplanetary space. 
The observation of a rapid increase of the expansion factor in a polar hole 
(Munro and Jakson, 1977), therefore, presumably, in a fast wind flux tube, 
lent support to this theory. 

The connection between wind speed and expansion factor in the low 
corona has been studied, statistically, by Wang and Sheeley in a series of 
papers (Wang and Sheeley, 1990; 1991; 1994; Sheeley et al., 1991). Wang 
and Sheeley (1990) analyse the expansion factor of different flux tubes with
in coronal holes, by calculating the coronal magnetic field with the source 
surface method, and notice that the individual expansion factors can be 
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very different from the global one; it is improper, therefore, according to 
Wang and Sheeley, to use the Munro and Jackson result to infer an associ
ation between large expansion factors and fast solar wind. On the contrary, 
Wang and Sheeley find an inverse correlation between the expansion factor 
and the solar wind speed at 1 a.u., the former being calculated for the in
finitesimal flux tube intersecting the source surface (located at rs = 2.5r0) 
at the Earth projected position. 

To reconcile the results of Wang and Sheeley with those of the theo
retical models indicated above, one needs to assume a dependence of the 
boundary conditions or of the free parameters of the models 0Ii. the expan
sion factor. Indeed, Wang and Sheeley concluded (1991) that they could 
interpret their results assuming, at the coronal base, energy flux roughly 
independent of the expansion factor and mass flux increasing with it. To get 
high speed streams, the energy flux at the coronal baSe:omust be dominated 
by non-thermal inputs. If these are due to AlfvEm waves, the consequence of 
the Wang and Sheeley (1991) conditions is an inverse correlation between 
magnetic field strength and wave amplitude, which is rather surprising. 

If one considers the individual magnetic flux tubes inside a magnetical
ly open region, it appears that those which suffer the larger expansion are 
those at the border of the region, where the field lines bend to follow the 
slope of the adjacent streamer, or those from small isolated holes. On the 
contrary, according to Wang and Sheeley (1994), the flux tubes which suffer 
the smallest expansion are 'rooted along the facing edges of a polar hole 
and like polarity holes at lower latitudes', or rooted 'around gaps consist
ing of very weak or closed field within the polar hole itself'. This brought 
Wang and Sheeley to predict that the fastest solar wind originates from 
these regions, the wind from the center of the polar hole, although falling 
in the 'fast wind' category, being not so fast. However, when direct mea
surements of the solar wind velocity at high heliolatitudes were made with 
the instruments on board the Ulysses mission, the prediction of this theory, 
that the maximum speed would be encountered at intermediate latitudes, 
rather than above the poles, has not been confirmed. 

In fact, when the Ulysses spacecraft began to move out of the ecliptic 
plane towards higher and higher heliolatitudes, in the southern hemisphere, 
the wind speed pattern began to change, with an increase of the speed of 
the wind encountered between two high speed streams, until the speed 
remained stationary at the fast stream value (Phillips et al., 1995; Figure 
4). There is no indication, in the Ulysses data, of a lower speed at the 
southern pole. 

Accordingly, the effect of the expansion factor variation on the wind 
speed is unclear, and the conclusions of Wang and Sheeley (1991) concern
ing the energy input at the coronal base, quoted above, are weakened, and 
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Figure 4. Solar wind speed and density observed by the Ulysses solar wind plasma 
experiment from 16 Feb. 1992 to 15 Jun. 1994 (from Phillips et aI., 1995). 

thus the problem of the cause of the speed differenece between slow and 
fast wind is completely open. 

4. The helium concentration 

The conclusion of Bame et al. (1977), that the helium content is smaller 
in the slow wind than in the fast one, described in section 2.1, has been 
confirmed by Schwenn (1983), as a result of an analysis of the HELlOS data 
taken between 1974 and 1982. The average values found for this quantity 
by Schwenn are, respectively, 2.5 for the slow wind, and 3.6 for the fast 
wind. 

This helium deficiency in the slow wind is difficult to understand, since 
the theoretical analysis (Geiss et al., 1970) has shown that the He++ ions are 
dragged into the solar wind through Coulomb collisions with the protons, 
and we know that the proton flux has a small difference between fast and 
slow wind, and, in any case, is larger, on the average, in the slow wind 
(Schwenn, 1983). 

A theory developped by Biirgi (1992) offers a rather simple explanation 
of this phenomenon. It assumes a large expansion factor at the interface 
between magnetically open and closed regions near the streamer cusp, as 
magnetic field calculations suggest. This makes the proton flux to decrease 
locally, which reduces the Coulomb drag, so that a much smaller number 
of 0: particles is carried in the solar wind close to the top of a streamer 
than in the adjacent coronal hole. Therefore the minimum of the helium 
abundance at the sector boundary in the interplanetary space. 
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This theory implies a very low helium concentration in the low corona, 
close to the stremer cusp, which should be observable. 

5. Recent EUV Observations 

At this point it is clear that the informations mainly needed to understand 
the slow solar wind, are those which concern the inner corona. For this 
part of the solar atmosphere we have UV and X-ray data (the only ones 
able to give information on the temperature and, possibly, on the outflow 
speed) at heliocentric distances lower than'" 1.1r0, but very little of them 
at greater heights. Some observations in the UV, however, have been made 
recently with the coronagraph-spectrometer of the Spartan 201 mission, 
flown in April 1993 and in September 1994. The instrument has observed 
the Ly-a profile at several heights from r = 1.5r0 to r = 3.5r0' both 
in a streamer (Strachan et al., 1994) and in polar coronal holes (Kohl et 
al., 1994, 1995). Since the observed positions in the streamer correspond 
to heights large enough to be above the magnetically closed region, they 
should be characteristic of the slow solar wind. Hence, the Spartan 201 data 
concern both the slow and the fast solar wind. From the April 1993 data 
the authors report a not very variable temperature for the streamer (values 
ranging from 2.2 to 3.2 x 106 K, with uncertainty (10-) of 0.25 x 106 K), while 
for the coronal holes they are not able to fit the observed profiles with a 
single Gaussian, the wings being too wide. They can fit the profiles with 
two Gaussian, very different in width, corresponding to two Maxwellian 
populations of neutral hydrogen atoms having quite different temperatures 
(1.6x 106 K and 7.6 x 106 Kat r = 1.8r0 in the south polar hole; 5.8 x 105 K 
and 3.0 x 106 K at r = 2.13r0 in the north polar hole, Figure 5). 

The authors discuss some explanations for these non-Maxwellian pro
files, each having considerable difficulties. It must be remarked that these 
kinetic temperatures concern the neutrals and, presumably, the protons, s
ince the neutral/proton transition time is short enough in the solar corona. 
They are not, however, electron temperatures, so that they do not affect 
the ionization balance and, thus, the amount of neutrals. Electron temper
atures can be obtained through the measurement of ion ratios in the solar 
wind (section 2.2). Such determinations, based on data from the SWICS 
instrument abroad Ulysses, and on a coronal model, are in progress (Co
hen, 1995). Together with the proton temperatures from Spartan, they will 
establish a very important basis for solar wind models. 

Concerning models based on very recent data, we mention Habbal et 
al. (1995) calculations, which use, as constraints, electron density data ob
tained from a white light coronagraph flown together with the UV instru
ment on Spartan 201, and from the Mauna Loa coronagraph. Supplement-
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Figure 5. Profile of the HI LYa in the north polar hole at r = 2.13r0, from Spartan 201 
(April 1993): curve A is a fit to the data, D is the geocoronaI contribution, B and C are 
two Gaussian components such that A = B+C+D. (From Kohl et aI., 1994.) 

ing these density data with interplanetary measurements of bulk speed and 
mass flux, and assuming some unspecified source of energy deposition in 
the corona, Habbal et al. (1995) calculated a model able to fit the empirical 
constraints. 

An interesting result of the model is a proton temperature twice as large 
as the electron temperature in the inner corona, reaching a peak of 2 x 106 K 
at 2 r0' Note that this work is not based on the Ly-a data discussed above. 
It is remarkable that similar results, for what concern the temperatures, 
had been obtained by Noci and Porri (1983), in their analysis of the Ly-a 
observations (quiet region) made with a rocket launch. 

These models, although characterized by a proton temperature not as 
large as that indicated by the Spartan UV data, go however in the right 
direction. 

For what concerns the problem of the solar wind source regions, as well 
as that of its acceleration, the Spartan observations are very important. 
Although not yet clearly interpreted, the difference, in the liydrogen velocity 
distribution, between streamers and coronal holes, and also the very high 
kinetic temperatures in the latter, are important constraint for acceleration 
theories. 

In conclusion, the Spartan results are very promising: they reinforce the 
expectation that the yield of UV and visible data concerning the extended 
corona, and, in particular, the streamer/coronal hole interface, from the 
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next solar space mission, SOHO, will permit a deeper insight in the problem 
of the origin of the solar wind. 
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MECHANISMS OF SOLAR (AND STELLAR) MASS LOSS 

R.ROSNER 
Department of Astronomy and Astrophysics, 
University of Chicago 
Chicago, IL 60637, USA 

1. Introduction 

The fundamental theory for mass loss from late-type stars such as our Sun 
was developed by Gene Parker in the 1950's (Parker 1958), and has been 
largely understood since then; refinements since then have largely focused 
on physically more realistic fluid equations (which take into account, for 
example, the effects of multi-component fluids and corrections to energy 
transport by classical thermal conduction) and additional mechanisms for 
driving the wind (e.g., heating and momentum deposition by magnetohy
drodynamic waves). Nevertheless, if one were to ask most professional solar 
wind theorists what the generally accepted model for the solar wind is, the 
answer is most likely a shrug of the shoulders: It has not been possible 
to develop a detailed theory for solar wind mass loss which takes into full 
account all of the observed complexities of this outflow; and the status of 
wind research for other late-type stars (meaning late-type giants and su
pergiants) is not in recognizably better shape. In this paper, I will attempt 
to focus on this embarassment, and will try to explain why it is that this 
problem has turned out to be so remarkably difficult. Along the way, I will 
provide a brief overview of the basic theory, and of the observational per
spectives of a few years ago as contrasted with what is now known from 
the most recent data provided by the Ulysses spacecraft. Based on these 
discussions, I will then focus on a highly selective overview of what is to be 
explained, and the current status of theory in these regards. 

Because of the brevity of available space, I will not be able to discuss a 
number of fascinating topics (which I will allude to only in passing, despite 
their importance): mass loss via transients (viz., CME events); elemental 
and isotopic "fractionation" (as measured by, for example, the HelH and 
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Re3 /Re4 ratios); details of more complex physical models (which incorpo
rate effects such as multi-component fluids and allow for corrections to the 
standard N avier-Stokes equations via, for example, higher-order moment 
equations). Instead, my starting point will be the by-now "classical" wind 
theory first developed by Gene Parker; and part of my intention is to "set 
the stage" for further discussions in the following papers. 

2. The "Text Book" Picture of the Solar Wind 

The classic mathematical and physical description of the solar wind was 
provided by Parker (1958), who showed that if one starts with the single
fluid conservation equations of mass and momentum for a fully-ionized 
hydrogen gas, 

1 d ( 2) r2 dr pur = 0, (1) 

du 1 dp GM8 u-=-----, 
dr p dr r2 

(2) 

together with the very simplified energy equation T = To = constant and 
the equation of state p = 2nkBT (where all quantities have their customary 
meaning, and we have assumed n f'V np f'V ne ), one then obtains with some 
algebra the classical wind equation 

u du (u2 _ 2kBT) = 4kBT _ GM8 . 
dr m mr r2 

(3) 

The solutions to this equation have a number of important properties: 

1. There is a critical point in the M -r solution plane, where the Mach 
number M == u/cs equals unity (cs == (2k B T/m)1/2 is the isothermal sound 
speed); this critical point is located at r = rc == GM8 m/4kB T. In this 
simple case, there is one transonic solution which starts at low wind speed at 
the solar surface; this solution's pressure variation is given by the analytical 
expression 

( G M8 m ( R8) m (2 2)) p/Po = exp - 2kBT R8 1 - --:;:- - 4kBT u - Uo ' (4) 

with the asymptotic value (as r -+ 00) p/Po = O. (Quantities with subscript 
"0" refer to the base of the solar corona.) 

2. The "breeze" solutions (which remain subsonic for all r) have instead 
the asymptotic pressure variation 

(5) 
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"lith the asymptotic value (as r ---+ 00) p/Po = exp [-2~Mt;] = constant. 
B (') 

3. Finally, if we adopt the above transonic branch as the only physically
meaningful solution, then one immediately discovers that the wind charac
teristics at 1 A. U. depend sensitively upon the physical conditions at the 
inner coronal base. For example, one has 

nulr=l A.U. N 0.4( no/108cm -3)(To/106T) exp [11.55 [1 - (To/106Kt1]] 
(6) 

One could ask if these results change significantly if additional physics 
is inserted (especially physics which is known a priori to be operative in 
the solar wind): For example, one could change the energy equation (3) so 
that both direct (in situ) mechanical heating and thermal conduction are 
accounted for. It turns out that increasing the sophistication of the models 
in this way does not change the basic fact that the mass flux at 1 A.U. is 
a sensitive function of coronal base conditions. Thus, it is very difficult to 
change the result that, for thermally-driven models, U E N 300 km s-l for 
To N 2 X 106 K. 

One might next ask whether the above results of the "classical" wind 
theory are of any relevance, given the fact that magnetic fields are known 
to play an important role in solar wind dynamics; in particular, it has been 
long argued that Alfven waves play an important role in determining solar 
wind acceleration (e.g., Hollweg 1978). In other words, why bother with 
such simple-minded models if we know that much more complex physical 
processes left out of this above description must play important roles? My 
answer is as follows: The wind equations form a highly non-linear system 
of partial differential equations, whose solutions depend in non-trivial ways 
on the parameters defining the solution space. In particular, it is essential 
to understand exactly what observational challenges one is trying to resolve 
by adding new physical effects to one's wind theory; and the only way to do 
this is to have a complete understanding of the limitations of the simpler 
models, i.e., an understanding of exactly what observations the simpler 
models cannot hope to describe adequately. 

3. Will the "Real" Solar Wind Please Stand Up? 

Give the above discussion, it is evident that a prerequisite for adequate wind 
modeling is a clear understanding of exactly what the physical conditions 
of the solar wind are, and how they relate to the coronal sources. Until 
very recently, however, it was not trivial to determine these conditions 
in a way that allows one to unequivocally associate them with locales in 
the inner solar corona which can be identified as the corresponding source 
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regions. Instead, examination of the wind speed, wind density, and wind 
temperature at 1 A. U. within the ecliptic typically shows rapid variations 
over a large range of time scales, even in cases in which one can reasonably 
infer a connection to a clearly-identifiable feature in the inner corona, viz., a 
low-latitude coronal hole. For this reason, canonical mean reference values 
for a coronal hole-associated wind stream quoted by, for example, Hollweg 
(1986), n E = 7.8 cm-3 ; TE = 105 K; V E = 536 km s-l (which were based 
on observations reported by Feldman et al. 1976) are not easily reconciled 
with observations such as were reported by Couzens & King (1986), whose 
data for a roughly month-long period in 1979 shows wide excursions in 
wind speed, density, and temperature about the above "canonical" values. 

This state of affairs turns out to have been largely a consequence of 
where the measurements were taken, e.g., in the ecliptic, something that 
was widely suspected but could not be directly confirmed until one had 
explicit plasma measurements out of the ecliptic: With the new data from 
Ulysses, we now do have a much better understanding of the "real" solar 
wind conditions. In my estimation the most beautiful single illustration 
of the power of new data to clarify previous confusions is Figure 1 of the 
Ulysses Solar Wind Ion Composition Spectrometer (SWICS) team report 
(Geiss et al. 1995). Among other quantities, SWICS measured the speed 
of Helium ions (va) and the freeze-in temperature, To, for Oxygen (deter
mined from measurements of the 07+/06+ ratio, under the assumption of 
local equilibrium between electron impact ionization and recombination). 
Geiss et al. show (see also Phillips et al. 1995): 

(a) The "slow" solar wind is highly intermittent, with Va generally in 
the range 4 - 500 km s-l; To in this domain fluctuates remarkably, 
but is generally in the range of 1.5 - 2 X 106 K. (Measurements were 
taken at radii ranging from N 2 to 5 A. U.) 

(b) The polar coronal hole-associated wind (Le., the polar high speed 
wind stream) shows, in contrast, remarkably little variability; Va is 
approximately 800 km S-l, with fluctuation of order only 10%, and 
To is just above 106 K, with fluctuations of that are even smaller. 

(c) The transition between the "slow" wind and the high speed solar 
wind stream shows extremely large variability, which is presumably 
associated with the complex spatial geometry of the interface region. 
Thus, as Ulysses descended from the ecliptic to solar latitudes below 
-10 degrees, it began to encounter the high speed wind stream; but 
because the outer stream boundary is not axially symmetric about 
the solar rotation axis, this initial encounter is modulated by the 
solar rotation. Indeed, the SWICS Helium wind speed measurements 
show a clear solar rotational modulation during this transition phase. 
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What one can conclude from all this, beyond the details of the mea
surements, is the crucial fact that high speed solar wind streams are the 
laboratory for exploring stellar wind theories: Contrary to what might have 
been thought, these wind streams are remarkably homogeneous structures, 
with physical conditions that show little evidence for fluctuations. As a 
consequence, the stream's mean physical properties can be meaningfully in
terpreted, something that cannot be said for the "slow" solar wind (whose 
mean properties may well be irrelevant for modeling purposes). For this 
reason, I will whenceforth focus solely on the high speed wind streams, and 
leave the explication of the "slow" solar wind for another time. 

4. What Needs to be Explained I: The Solar Wind 

The Ulysses observations, taken together with earlier observations, allow 
us to draw the following conclusions regarding the outflow in high speed 
solar wind streams: 

Constraint 1. The simple (purely thermally-driven) models lead to pre
dicted wind speeds far from the Sun which are much smaller than is ob
served: vex/observed) "'" 800 km s-l» voo("thermal") "'" 300 km S-l. 

Constraint 2. The inferred total wind mass loss is small; averaged over 411" 
steradians, the SWICS measurements imply that if "'" 10-14 M8 yr-1. 

Constraint 3. The mass flux is relatively constant, e.g., ~(nv)/nv < 0.1. 
The total mass loss rate is therefore apparently largely controlled by the 
total solid angle subtended by the high speed wind stream at large radii. 

Constraint 4. The mass flux is very homogeneous. The absence of signif
icant fluctuations in wind speed, density, or temperature argues strongly 
against impulsive wind acceleration processes, and strongly for processes as
sociated with spatially fairly uniformly distributed momentum and energy 
deposition. 

Constraint 5. There is considerable evidence for rapid flow acceleration very 
close to the solar surface in the polar solar wind, based both on observations 
using resonantly-scattered H I Lyman-a (e.g., Withbroe et al. 1982) and 
radio-scattering measurements (e.g., Grall et al. 1996); these observations 
suggest that most of the flow acceleration occurs well within 10R8 of the 
solar surface. 

5. What Needs to be Explained II: Late-type Stars 

Only two general classes of normal stars other than the Sun are known -
from direct observations - to suffer substantial mass loss, namely OB stars 
and (evolved) red giants and supergiants; and only in the latter case, can 
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one argue plausibly that theoretical ideas developed in the solar context 
should be applicable to these more exotic stars. To the extent that solar 
wind theoretical ideas ought to be applicable to these stars, observations of 
these stars will also serve to constrain wind theory. Cassinelli & MacGregor 
(1984) have published a thorough review of the observations for such stars; 
and Holzer & MacGregor's (1985) review nicely summarizes the relevant 
theory from the present perspective; I will therefore considerably abbreviate 
my discussion, and focus only on two key points: 

Constraint 6. Purely thermally-driven models for winds from red giants 
fail totally in accounting for the observations. The fundamental problem is 
that wind base temperatures that are required by such models in order to 
drive the winds to the observed asymptotic wind speed, and also provide 
the observed mass loss rates, also lead to heating requirements (and implied 
radiative loss rates) directly contradicted by observations. Put differently: 
given the observed temperature structure of the base atmosphere of such 
stars, thermally-driven wind models cannot attain either the observed wind 
speeds, or the observed mass loss rates. What seems to be required is an 
additional mechanism for accelerating the wind without further heating the 
wind. 

Constraint 7. The inferred total wind mass loss is relatively large; averaged 
over 411" steradians, observations imply that .!VI rv 10-8 Me::; yr- 1 . 

6. Summary and Conclusions: The Current Theoretical Dilemma 

The observations discussed above, when taken together with current theo
retical solar wind models, strongly imply that some process - akin to the 
Alfven wave acceleration process first discussed by Belcher (1971), Alazraki 
& Couturier (1971), and Hollweg (1973, 1978) - is required in order to ac
count for the observed wind speeds. It is particularly striking that this 
conclusion follows, independently, from both solar wind high speed stream 
and red giant wind observations. Such models are attractive for a num
ber of distinct reasons: First, one observes Alfven waves directly in the 
solar wind; and although it has not been definitively established that the 
observed waves have their origin at the solar surface, it is nevertheless reas
suring that the required wave modes in fact do exist. Second, Alfven waves 
can deposit momentum without significant local plasma heating; this prop
erty is crucial for meeting the observational constraints 1. and 6., without 
violating the constraints on wind temperature. Third, it is possible to ad
just the wave fluxes so that the observed mass loss rates for both the Sun 
and red giant winds are obtained. 

~What then are the remaining difficulties? What I am refering to here 
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are difficulties that remain at the level of detail of the present description, 
and not the more sophisticated details such as the variation of elemental 
and isotopic abundance ratios with heliocentric distance, detailed electron, 
proton, Helium, and other temperature variations, etc. The first such co
nundrum, discussed in detail by Leer, Holzer, & Fla (1982), is the so-called 
"fine tuning problem": It turns out that the simple Alfven wave-driven 
models which resolve Constraint 6 (e.g., Hartman & MacGregor 1980) re
quire remarkable fine-tuning of the model parameters (in particular, tuning 
of the Alfven wave damping length) in order to meet the observed result 
that voo(observed) f'V vescape/2 (in contrast to the solar case, for which 
voo(observed) f'V (1 - 2) x vescape)' 

The second such puzzle is that for plausible Alfven wave amplitudes, it is 
not possible to find solutions to the simple wave-driven wind equations that 
reach the asymptotic high speed wind velocity within 10R8 ; thus, models 
such as those of Leer & Sandbaek (1991) obtain flow speeds of order only 
300 km s-l at 10R8 for wave amplitudes ov f'V 20 km S-l. 

In order to address these two problems, it is important to note that most 
wave-driven wind models are based on the simple WKB approximation, 
which uses a momemtum conservation equation of the form 

d 1 dp GM8 
u-u = --- - -- + D, 

dr p dr r2 
(2') 

where D = -~ iT ((8!2)) and (OB2) f'V exp( -r / L). (This formalism is di

rectly applicable only to the propagation of linear torsional Alfven waves; 
cf. Ferraro & Plumpton 1958.) The obvious question is: What about 
non-WKB waves? A number of authors, including An et al. (1990), Velli 
(1993, 1994), MacGregor & Charbonneau (1994), Lou & Rosner (1994), 
and Krogulec et al. (1994), have recently focused on this issue. The basic 
conclusion emerging from this work is, first, that in a certain well-defined 
sense, there may not be any WKB waves: That is, virtually all waves with 
periods longer than a few minutes show some reflection (due to gradients 
in the background Alfven wave speed) somewhere in the flow. In particu
lar, the notion of a single "damping length" for parametrizing the spatial 
variation of such waves is clearly far too simplistic; it is likely (though 
not as yet established) that the "fine tuning problem" can be avoided by 
taking more sophisticated account of the physics underlying Alfven wave 
damping and reflection. A more speculative possibility, discussed in these 
Proceedings (Axford 1996), is that the inner solar wind is dominated by 
very high frequency waves, whose short damping lengths in the inner corona 
may lead to the required rapid flow acceleration. It would be very exciting 
if SOHO, which will start to return data on the solar corona and wind 
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in 1996, can provide additional observational constraints to resolve these 
remaining problems. 
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ACCELERATION OF THE HIGH SPEED SOLAR WIND 

W.I. AXFORD AND J.F. MCKENZIE 
Max Planck Institut fur Aeronomie, 
37191 Katlenburg-Lindau, Germany 

Abstract. A theory is developed for the high speed solar wind based on 
a simple dissipation length characterization of wave heating of the coronal 
plasma close to the Sun. It is shown that solutions with the correct particle 
and energy fluxes and with a realistic magnetic field, match the require
ments on the density at the base of the corona provided the dissipation 
length is relatively small (N 0.25 - 0.5 solar radii). The significant features 
of these solutions are that the acceleration is rapid, with the sonic point 
at about 2 solar radii, and the maximum proton temperatures are high, 
namely 8 - 10 X 106 K, in agreement with some recent observations. Such 
efficient dissipation requires any Alfven waves responsible to have frequen
cies in the range 0.01 Hz - 10 kHz. This has implications for the nature of 
the plasma and energy source in the chromospheric network. 

Key words: stars: coronal, winds-sun: solar wind - corona: Alfven waves 

The high speed solar wind, which is directly associated with coronal 
holes, is the basic equilibrium form of the solar wind (Bame, et.al. 1977). 
As such it must be accounted for in any steady-state theory. In contrast, the 
low speed wind appears to be associated with transient openings of closed 
field regions in the corona which give rise to inherently unsteady streams 
which are not in equilibrium with the coronal base (Axford 1977). 

The most important (average) properties of the high speed solar wind 
are (Schwenn, 1990; Mariani and Neubauer, 1990): 

1. the asymptotic speed is Voo N 750-800km/sec with small fluctuations; 
2. the particle flux at 1 a.u. is N 2 X 108 /cm2sec; 
3. the radial magnetic field strength at 1 a.u. is N 2.8 nT with the field 

being unipolar in each stream; 
4. the average proton and electron temperatures at 1 a.u. are Tp N 

200,000 K and TeN 100,000 K respectively; 
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5. the electron distribution function contains a field-aligned beam which 
evidently originates in a region close to the Sun where Te does not 
much exceed t"V 106 K; 

6. the proton temperature perpendicular to the magnetic field is greater 

than that parallel to the field (T/ > TJI); 
7. magnetic field fluctuations with periods> 200 sec correspond to Alfven 

waves propagating away from the Sun with energy fluxes (at t"V 0.3 a. u.) 
about 1 % of the total solar wind energy flux; 

8. minor species, including helium, have roughly the same temperature 
per atomic mass as the protons (Ti t"V ATp) and move faster by ap
proximately the Alfven speed (Vi t"V V + VA); 

9. the composition appears to be constant and with helium abundance t"V 
5%; 

10. in agreement with the behaviour of coronal holes, the high speed wind 
is dominant during periods oflow solar activity and occupies the whole 
heliosphere at solar latitudes greater than about 20 deg; 

11. the wind is fully developed at t"V 0.3 a.u. and, according to recent inter
planetary scintillation (IPS) observations, is also close to its terminal 
speed at t"V20 and even t"V 8 Rs (Rs=solar radius) (Coles, private com
munication, 1995). 

It is difficult to make measurements in coronal holes at the base of high 
speed streams as a result of contamination from denser regions of plasma 
in the fore- and background. However the following results appear to be 
sound: 

12. the electron densities are low (no'" 2 X 107 -108 jcm3) in comparison 
with coronal streamers (Koutchmy, 1977); 

U. the electron temperature does not appear to exceed about 106 K (Hab
bal et. al. 1993). 

From these results we may deduce that pressure gradients associated 
with electrons and Alfven waves do not playa major role in accelerating the 
wind because they act too slowly and cannot lead to rapid acceleration close 
to the sun. Furthermore, because the protons are hotter than the electrons 
and because the minor species are strongly favoured relative to protons, 
it appears that comparatively high frequency waves are involved, allowing 
discrimination in terms of Zj A (i.e. ion cyclotron waves). At 0.3 a.u., ion 
cyclotron waves have periods less than the Ferraro-Plumptom period at 
the base of the corona (i.e. To = 2H JVA '" 30 - 100 sec, where H is the 
scale height at the base of the corona). Waves with periods longer than To 

do not propagate according to the WKB approximation and are inefficient 
transmitters of energy from the coronal base (Ferraro and Plumpton, 1958). 
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There appears to be only one possibility to account for the high speed 
solar wind, namely that it is mainly a consequence of heating close to 
the Sun by the dissipation of waves with periods considerably less than 
To. These should preferentially heat protons and, especially, minor species 
including helium. Given that the magnetic field strength may be 5 - 10 
gauss at the base of coronal holes, the frequency range of the waves in 
question is "" 0.01 Hz - 10 kHz. 

In the absence of a complete and self-consistent theory for the origin 
and dissipation of the waves we adopt a simple approach to the heating and 
acceleration of the solar wind plasma assuming a single damping length L. 
The wave energy flux F w is given by 

(1) 

where Pw = ~p < 8V2 > is the wave pressure, p and V the fluid density 
and speed, < 8V 2 > the mean square wave amplitude and VA = B / J(87rp) 
with B the magnetic field strength. The dissipation function Q is assumed 
to have the form 

(2) 

where s is measured along the magnetic field and So = ro = 1 Rs. The area 
factor A is such that magnetic flux is conserved: 

BA = B(so)A(so) = constant. (3) 

To proceed further we need a suitable magetic field model: For solar 
minimum conditions the field is essentially that of an axisymmetric current 
sheet in the equatorial plane with the Sun's field being a dipole (Gleeson 
and Axford, 1976). Thus for the polar field line, for which s = r, 

B(r)/M = s/r3 + l/a(a + r)2 (4) 

where M is the magnetic dipole moment of the sun. We choose the param
eter a such that the open field lines emerge from latitudes 0 > 60 degrees; 
thus a ~ 3.96 Rs. The pattern of field lines is shown in Fig.1. Note that 
the model does not allow for the region occupied by the slow solar wind 
(0 < 20 degrees), however it should be reasonably accurate close to the 
Sun (r < 20 Rs). We compensate for this minor defect in estimating the 
field strength at the base of the coronal hole by mapping only the radial 
component of the field at large distances above 20 degrees latitude into the 
north and south polar coronal holes defined as 0 > 60 degrees. Thus the 
average field strength in the holes is taken to be 5.5 gauss. 

There are three integrals of the motion, the magnetic flux (see (3)), the 
particle flux J and the energy flux E: 
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Figure 1. A model of the solar magnetic field appropriate to solar minimum conditions. 
The field lines emerging from latitudes above 60 degrees are open and form part of the 
high speed solar wind region. This model does not allow for the presence of an equatorial 
band of low speed solar wind and hence the relationship between the polar field strength 
and that at large distances must be modified accordingly, 

There are three integrals ofthe motion, the magnetic flux (see (3)), the 
particle flux J and the energy flux E: 

pVA = J (5) 

J[V2/2 + 5p/2p - GMo/r] + A(Fw + Fe) = E (6) 

where P = Pi + Pe is the plasma pressure, GMo/r the solar gravitational 
potential and Fe = -KedTe/ dr is the heat conduction flux. Proton heat 
conduction can be neglected since Kpis presumed to be controlled by wave
particle interactions associated with the heating process and is small. How
ever electron heat conduction controlled by Coulomb collisions may be the 
rule beyond the heating region; thus we assume 

Te = Toe = 106 J( for r < 3Rs (7a) 

5 

Fe = -KoeTe2 dTe/ dr for r > 3Rs, (7b) 

It can be shown that, if Pw/p is small at the base of the corona and the 
wave dissipation and plasma heating processes have the same length scales, 
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Figure 2. The variation of solar wind speed (V), Alfven speed (VA) and thermal speed 
(V th ) in the range 1 - 20 R. for L = 0,25 (dotted lines) and L = 0,5 R. (full lines). The 
acceleration is rapid and the solar wind is essentially fully developed within a few solar 
radii of the Sun. 

Pw can be negelected relative to p, which greatly simplifies the solution, 
(Axford and McKenzie, 1993). 

From the observed quantities at large distances from the Sun, assuming 
that p tends to zero at infinity, we deduce that J / Am '" 2 x 108 / cm2sec 
and E '" nmV~/2 '" 1.2 ergs/cm2sec at 1 a.u., where m is the mean ion 
mass (m '" 1.9 x 10-24 gm, with 5 % Helium). 

Finally there are the plasma momentum and wave energy exchange 
equations: 

pdV/dr = -dp/dr - dPw/dr - GMop/r2 (8) 

(1/A)d(AFw)/dr = VdPw/ dr - Q (9) 

We neglect the terms involving pw and note that AFwo/ J '" V;,/2 + 
GMoro, AFc = AoFco and 

Fwo '" Zo 100 [exp - (r - ro)/ L][A( r) / A( r o)]dr (10) 
TO 

On choosing L a complete solution can be found which has a correct 
magnetic field geometry and correct particle flux and asymptotic flow speed. 
Each such solution will correspond to a certain value of no, the coronal base 
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Figure 3. The variation of solar wind mean ion temperature in the range 1 - 20 R. 
for L = 0.25 R. (dotted line) and L = 0.5 R. (full line). The electron temperature is 
given by the dashed line and is the same in each case. The mean ion temperature should 
be reduced by about 15 % to give the proton temperature as it allows for the presence 
of helium and heavier species with the same temperature per atomic mass as protons. 
As L decreases the mean ion temperature increases and the position of the maximum 
moves closer to the sun. The point shown corrresponds to the measurement by Kohl et.al. 
(1995), altered to correspond to mean ion temperature as described above. 

density, and a particlular distribution of mean ion temperature, T(r). We 
find that for 2 X 107 < no < 108 j cm3 , we must have 0.25 Rs < L < 0.5 Rs 
and Tmax '" 9.5 - 12 x 106 K. The sonic point occurs close to the Sun at 
about 2 Rs and the Alfven point (V = VA) occurs at r '" 8R s • 

The significant features of these results are that with a single free pa
rameter, namely the dissipation length L, we have been able to obtain 
excellent agreement with observations of the high speed solar wind. These 
include the correct speed and particle flux, a realistic magnetic field, rapid 
acceleration near the Sun associated with low coronal base densities and 
good agreement with densities measured in the outer corona (Figs. 2-4). 
The essential requirement is that the dissipation length is '" 0.25 - 0.5 Rs 
which implies that the wave frequencies must be higher than usually con
sidered. The high Alfven speed in the heated region places a constraint on 
the frequencies since one would expect that Lj < VA > is an upper limit 
to the period of waves that can be dissipated within a distance L and this 
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Figure 4. The variation of magnetic field (B) plasma number density (n) in the range 
1 - 20 R. for L = 0.25 R. (dotted line) and 0.5 R. (full line). The points shown are 
measurements of the coronal density obtained from the Spartan white light coronagraph 
(Fisher and Guhathakurta, 1994) 

is '" 100 - 300 sec, which is somewhat greater than the Ferraro-Plumpton 
period. The waves responsible for heating the corona and ultimately accel
erating the high speed solar wind are therefore not related to those with 
longer periods observed at larger distances from the Sun. The latter waves 
do not appear to have an energy flux at the Sun capable of producing the 
high speed wind and are neglected at this stage (e.g. Roberts, 1989). 

Perhaps the most interesting aspects of the results is the prediction of 
the existence of high ion temperatures in the inner corona in high speed 
streams, namely maximum mean temperatures of 9.5 - 12 x 106 K cor
responding to a proton temperature of 8 - 10 X 106 K. In the absence of 
strong wave pressure a gradients and with the electron temperature too 
small to produce a significant electron pressure gradient, such high tem
peratures are inevitable for the high speed solar wind to exist with rapid 
acceleration and low coronal base density. The temperatures quoted could 
be slightly over-estimated if for some reason the electron temperature ex
ceeds 106 K, if the pressure of long period waves is not negligible and/or 
if the minor species take a greater share of the available wave energy than 
assumed here. However the range of temperatures quoted can probably be 
regarded as being a very good approximation to reality. Indeed we note 
that recent results from the Spartan 201 Coronal Spectrograph are consis
tent with our predictions, in that they indicate a proton temperature of 
7.6 x 106 K at 1.8 Rs in a coronal hole on the basis of Lyman alpha line 
profile measurements (Kohl et.al., 1995). These observations also appear 
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to indicate that the solar wind accelerates very quickly in coronal holes, 
consistent with our predictions. 

In order to improve on this theory it will be necessary to consider the 
source spectrum and dissipation processes for high frequency waves. A be
ginning has been made (Axford and McKenzie, 1993) but much remains to 
be done. If, as expected on the basis of the obervations described above, the 
main dissipation process involves cyclotron heating, it will be necessary to 
assume that the heating term Q operates on the perpendicular temperature 
and hence a theory involving anisotropic ion pressures and temperatures is 
required (Leer and Axford, 1972). In this case the mirror effect may provide 
an enhancement of the acceleration rate, especially for minor ions if they 
extract more than their share of the wave energy. 

The source of the plasma and the waves appears to lie in the super
granular network and should be considered together with the high speed 
wind. It appears reasonable to assume that small scale reconnection events 
associated with the strong and complex magnetic fields in the network are 
involved and that the wave periods are determined by the scale of the mag
netic field structures and the Alfven speed in this region. A wave source 
spectrum covering the range required (0.01 Hz - 10 kHz) does not seem 
to be unreasonable on this basis. The source of the plasma is ionization of 
neutral gas within the network which appears to take place without signif
icant recombination losses: accordingly the mass flux in the wind and the 
density at the coronal base are controlled in this way rather than being 
independent of the source as is often argued. 
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DECLINING PHASE CORONAL EVOLUTION: 

THE STATISTICS OF X-RAY ARCADES 
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Recent work has supported the link between the reforming, or brighten
ing, coronal arcades seen by the Yohkoh soft X-ray telescope (SXT) [McAl
lister et ai., 1992; Hanaoka et ai., 1994] and CMEs, as observed by coron
agraphs [Hiei, Hundhausen, and Sime, 1993; McAllister et al., 1995]. 

In an informal survey comparing white light coronagraph observations 
from the High Altitude Observatory's Mauna Loa Observatory with the 
SXT images the authors noted that in the descending phase of this so
lar cycle many of the large scale SXT arcade events were associated with 
CME's, or were of a similar type to those that were. Furthermore there 
were several global field configurations that seemed to often produce such 
events. This led us to perform a statistical study of the locations of the 
coronal arcades seen in the SXT images during 1993 and the first half of 
1994. 

We made a catalog of all coronal arcade and other large scale coronal 
events that might be related to CMEs. The catalog was made more com
plete by including many events that took place on the backside of the Sun 
but, due to their scale and high latitude, were visible over the limb. From 
this catalog we selected coronal arcade events with a scale of more than 
20°. Active region expansion events, both quiet [Uchida et at., 1992] and 
explosive, and diffuse quiet sun events were excluded. This is not meant to 
imply that we believe they are unrelated to CMEs. 
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The remaining 240 arcades events were plotted on McIntosh synoptic 
charts (based on Ha, He10830, and magnetogram data) that show the lo
cation of coronal holes and magnetic neutral lines [McIntosh, 1979]. We 
compiled statistics for the heliographic location and type of neutral line 
(polar, mid-latitude( diagonal), or active region) for each arcade, keeping a 
separate record for the 73 large arcade events. 

We found differing patterns of arcade scale and location in the two 
hemispheres. During the study period 52% of the events, but 81% of the 
large events, occurred in the southern hemisphere. In the north 83% of 
the events where over diagonal neutral lines while in the south 48% of the 
events (63% of large events) were over the polar crown. The locations of the 
arcades were not random, but were highly concentrated between large scale 
magnetic field concentrations (often marked by coronal holes) that showed 
relative apparent motion. This apparent motion was either of a colliding or 
shearing nature. There were three such 'active' locations during our period 
of study. 

Our results suggest a picture of the global solar magnetic field evolution 
in the declining phase of the solar cycle in which the motion of the large 
scale photospheric magnetic field structures is a primary driver of evolution 
in the global corona. This evolution is mediated by coronal mass ejections 
and traced out by the coronal arcades seen by Yohkoh SXT. 

A detailed treatment of this research is being written up as a full paper 
to be submitted to the Astrophysical Journal. 
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DEVELOPMENT OF A CORONAL HELMET STREAMER OF 

24 J ANU ARY 1992 

E. HIEI 
Meisei University, Tokyo, Japan 

AND 

A.J. HUNDHA USEN 
High Altitude Observatory, Boulder, Colorado, U.S.A. 

The coronal helmet streamer of 24 January 1992 was one of the most 
prominent events observed with the Soft X-ray Telescope (SXT) on board 
the Yohkoh satellite. The helmet was interpreted as the reformation of a 
closed magnetic structure through reconnection, following a prominence 
eruption and mass ejection (Hiei et al. 1993). 

The coronal helmet streamer developed from a loop structure, as seen 
in Fig. 1. A faint X-ray coronal loop brightened at 09:20:18 UT, whichi was 
similar to limb flares observed in the HO' line. The maximum height of the 

Figure 1. Development of loop structure 
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structure appeared higher and higher with time, but upon close examina
tion of the SXT images, the structure was found to consist of at least three 
loops, which are seen in Fig. 1 in the image after 10:33:05. 

The height of each loop top, pro-
jected in the plane perpendicular 

2.0 
to the line of sight, was measured 
and plotted in Fig. 2. This shows 
that each loop appeared at a certain ~1.5 

height and did not rise further, butQl 
III 

rather shrank with time. About one I 1.0 

hour later, another loop appeared at 
a greater height than that of the pre
vious loop. 

The loop structure after a two
ribbon flare had hitherto been 
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thought to expand both in height and Figure 2. Height of loop top versus time 

width with time, but in fact each loop in this event shrank; the downward 
velocity was first 3 km S-1 and then 0.5-1 km S-1 about 2 hours later. 
However, the velocity of rising of the loop structure as a whole was 2 km s-1 
on the average. 

The intensity at the top of the first loop became a maximum at 09:54, 
about 40 min after the first appearance of the loop, and then its brightness 
decreased with time. The 2nd loop reached maximum brightness at 11:22, 
about 50 min after its appearance. 

The top of each loop brightened at first and then about one hour later 
the foot became bright. The first bright region of each loop was always at 
its top, and then the high temperature region moved down to its foot. 

The observation showed the shrinkage of a loop with changing intensity, 
and the appearance of a discontinuous jump to the next loop. We infer 
from this observation that i) the energy release was not continuous, and 
the succeeding energy release occurred about one hour later for the next 
loop, ii) the duration of the energy release was about 40-50 min for each 
loop. The intensity of the loop tops became weak on a time scale of one 
hour due to conductive/radiative cooling. The time change of brightness 
and width of each loop will be discussed in a later paper. A shrinkage is 
also discussed by Svestka et al.(1987), and Forbes and Acton(1995). 
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OBSERVATIONS OF SOLAR WIND BEYOND 5 Rs AND 

WITHIN 0.3 AU BY INTERPLANETARY SCINTILLATION 

M. KOJIMA, H. WATANABE AND Y. YAMAUCHI 
Solar- Terrestrial Environment Laoratory, N ogoya University, 
Toyokawa 442, Japan 

AND 

H. MISAWA 
Upper Atmosphere f3 Space Research Laboratory, 
Tohoku University, Japan 

Acceleration Phenomena beyond 20 Rs 
Interplanetary scintillation (IPS) ohservations have found high-latitude 

Rtreams which Rhow large Rpeed increa.qeR at a distance range of 0.1-0.3 AU 
and constant Rpeedq heyond 0.3 AU. TheRe RtreamR tend to he ohRerved 
more frequently in the minimum pha.<;e of solar activity than in the solar 
active pha.qe: and their foot points are located in HeI polar coronal holes 
and their hOlmdaries. \Ve examined hia.qing effects in t.hese ohservat.ions lLq
ing simulat.ed IPS ohservat.ions and fOlmd that. IPS speed differences of 200 
km/s wit.hin and heyond 0.3 AU cannot. he caused hy any comhination of 
possihle hia.qing effects. See Kojima et al. (1995) for more det.ail discussion. 

Very Low Speed Winds From Active Regions 
The relationship hetween low-speed solar winds ohserved wit.hin 0.4 AU 

with the IPS method and active regions on the sun was studied. It. is al
ready known that solar wind speed distrihuted along the neut.ral lines is 
generally low even in the solar act.ive pha.qe when t.he amplit.ude of t.he 
neutral line hecomes large. However it. should he not.ed t.hat low-speed re
gions near the sun are distrihuted not only along the neutral line hut also 
on active regions. In general: localized streamers from active regions were 
thought to disappear near t.he Slm: hut. our results suggest the possihilit.y 
that some streamers from active regions survive with a very low speed « 
300 km/s) up to: at lea.qt: 0.2-0.4 AU. See Wat.anahe et al. (1995) for more 
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detail discus~;ion. 

Density Profile in Acceleration Region Beyond 2 Rs 
An inner scale parameter has heen used to measure the density profile 

at distances of 2-80 Hs. The inner scale is the scale si7-e at which a power 
spectmm RhowR diRRipation and iR equal to a local proton Larmor radinR. 
Therefore it iR aSRlUned that cyclotron damping plays an important role 
as an effective dissipation mechanism and that the inner scale can he ex
preRRed only with denRity N a.'l Sj = 684N- 1/2. If the density expandR a.'l 
R-2; the inner Rcale increa.'leR linearly wit.h diRt.ance. ThiR linear relat.ion 
ha.c:; heen ohRerved at. H > 30 Hs; however; wit.hin 30 Hs it. iR lower than 
the valueR expected from the linear relation. We comput.ed t.he radial diR
t.ance dependence of t.he inner Rcale wit.h t.he Rolar wind accelerat.ion model. 
For t.he low-speed wind, the comparison of the radial distance profile fOlmd 
good agTeement. het.ween ohservat.ions and model calculat.ion. Accordingly; 
t.he Reparat.ion of t.he inner Rcale from t.he linear relat.ion suggest.R a Rt.eeper 
densit.y gradient. t.han R-2 calL 'led hy t.he solar wind acceleration near t.he 
sun. 

MHD Wave Related Velocity Fluctuation 
Since velocity fluctuations in the solar wind are expected to he caused 

hy MHD plasma fluctuat.ions; measurement.R of t.he velocit.y fluctuationR 
are key t.o revealing t.he accelerat.ion process of Rolar winds. Skewness of 
a croRR-correlation function iR related to the velocity fiuctnation parallel 
to hulk fiow direction. \Ve compared the RcanR of the ohRerved cross cor
relation nmction with that of modeled CCFs in which velocity fluctuation 
wa.'l paramet.eri7-ed. Preliminary analyseR Rhow following results: high-speed 
windR (V sw 2:500km/R heyond 0.3 AU) indicate increaRe of velocit.y fiuc
tuationR near the R1m; low speed windR (V sw ::;400Km/s heyond 0.3 AU) 
have Rmall velocit.y fluctuat.ionR at. all diRt.ances. See 1'liRawa et. a1. (1995) 
for more detail diRcuRRion. 
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II. Wind and Mass-Loss from the Sun and Stars 

II.2. Wind and Mass-Loss from Stars 



HST AND IUE OBSERVATIONS OF STELLAR MASS-LOSS 

FROM K AND EARLY M EVOLVED STARS 

G.M. HARPER 
JILA, University Of Colorado at Boulder 
Campus Bo~ 440, Boulder, CO 80309-0440, USA 

The presence of out-flowing circumstellar material from evolved stars 
was originally detected in the optical as blue-shifted absorption features in 
the spectra of a Her (Deutsch, 1956) and as scattering of the K I A7699 
resonance line in the extended atmosphere of Betelgeuse (a Ori, M2 lab), 
see Bernat et al. (1978). These observations ofmaterialfar above the stellar 
surface provide direct evidence for mass-loss. The optical Ca II H & K and 
Infrared Triplet, Ha and He I 10830A diagnostics are now complemented 
by studies in the ultraviolet where there is a wealth of information from 
numerous atomic transitions, e.g., the IUE study of a Her (Thiering & 
Reimers, 1993). UV observations from IUE and HST/GHRS have placed 
important constraints on the winds from K and early M evolved stars. 

1. Introduction 

Winds from late-type stars can be broadly divided into two categories; 
winds from coronal stars like the Sun which are thought to have terminal 
velocities of the order of the surface escape speed, i.e., V( 00) I'V Ve3c(R*) 
and significant support at the base of the wind from thermal pressure, 
and winds from cool evolved stars which have V( 00) < Ve3c (R*) and show 
insufficient hot plasma for thermal support at the base. This latter group 
is the subject of this review. The mechanisms which drive the winds from 
the K and early M stars remain uncertain, and are an outstanding problem 
is stellar astrophysics. In later spectral types pulsation may playa role in 
the mass-loss process. General reviews on mass-loss from cool stars can be 
found in Dupree (1986) and Dupree & Reimers (1987). 

The region of the Hertzsprung-Russell (H-R) diagram where the K and 
early M evolved stars reside, represents an evolutionary mix, with stars on 
their first and second crossing ofthe H-R diagram (Then, 1967). It is thought 
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that magnetic processes control and/or modify the wind structure in the 
K giants, e.g., although photospheric oscillations have been observed on K 
giants (14 - 60 m s-1), model calculations suggest that the acoustic power 
spectrum alone is not responsible for the observed mass-loss (Sutmann & 
Cuntz, 1995 and references therein). Kuin & Ahmad (1989) found from a 
study of the wind energy budget in the, Aurigae eclipsing binaries that 
the energy flux should propagate at greatly supersonic speeds which are not 
observed, and they proposed that the energy propagates at an Alfvenic ve
locity. Unfortunately there are no direct measurements of surface magnetic 
fields which can be used to observationally constrain proposed magnetic 
wind models. Haisch, Linsky & Basri (1980) examined the effects of Lya 
radiation pressure on the atmosphere of a Boo (K2 III) and found that it 
could not sustain the stellar wind. Also a study of the global energy balance 
for low and intermediate mass stars (K1 III - M5 III) by Judge & Stencel 
(1991) suggests that radiation pressure on dust does not initiate winds from 
most cool stars. 

In the following we focus on some of the important results concern
ing stellar wind velocity fields obtained with the International Ultraviolet 
Explorer (IUE) and the Goddard High Resolution Spectrograph (GHRS) 
on-board the Hubble Space Telescope (HST). 

2. UV Spectral Diagnostics (IUE &. GHRS/HST) 

For most stars, only disk integrated spectra are available and potential 
signatures for mass-flows are emission-line shifts from the wind and wind 
scattering features in broad optically thick lines. The IUE and GHRS spec-

TABLE 1. Approximate resolution of the IUE and 
HST spectrographs 

Mode (Dispersion) R =).1 t1). R(kms- 1 ) 

WE Low (G) "" 300 t1V"" 1000 
WE High (E) "" 15,000 t1V"" 20 
GHRS Low (G) "" 2,000 t1V "" 150 
GHRS Medium (G) "" 20,000 t1V "" 15 
GHRS High (E) "" 80,000 t1V",,4 

trographs both cover 1150-3300 Angstroms. The approximate resolutions 
of the IUE high and low dispersion modes, the GHRS low and medium 
resolution gratings and the GHRS echelle mode are given in Table 1. A 
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good discussion of IUE spectra from main-sequence and evolved late-type 
stars can be found in Jordan & Linsky (1987). 

Chromospheric line widths in evolved stars are mostly supersonic [FWHM 
20 -+ 32 km S-l , FWHM~~~l = 19 km s-1 ] but are much narrower than 
transition region lines, which can be as large as 100 km S-l . Wind absorp
tion features from single stars are typically 10 < Vwind < 180 km s-l . The 
IUE low dispersion mode is insufficient to resolve any velocity information 
but IUE has been very useful in measuring line fluxes. The IUE high resolu
tion mode can resolve the broad transition region lines and wind absorption 
features, while the widths of chromospheric lines are close to the IUE high 
resolution limit. GHRS echelle observations of C II] ).2325 multiplet in 
a Tau (K5 III) (which are sensitive to electron density, ne) (Carpenter et 
al., 1991) are fully resolved with FWHMc1I] = 24 km s-1 and show net 
down-flows of '" 4 km 8-1 . The very high SIN and resolution of these 
data allowed Judge (1994) to detect multiple ne components from the line 
profiles. 

Some important diagnostic lines observed with IUE and GHRS are given 
in Table 2. The last column indicates the optical depth (T) in the line 
forming region, for transition region resonance lines these are uncertain. 

TABLE 2. Selected diagnostic emission lines 

Ion Wavelength (1) Excitation Region 

MgIIh&k 2795.53+2802.71 Chromosphere 
Fe II Numerous Chromosphere 

Si III] 1893.03 Transition Region 

SiIII 1206.50 Transition Region 
ell] 2325 multo Chromosphere 
C III] 1908.73 Transition Region 
Si IV 1393.76+1402.77 Transition Region 
C IV 1548.20+ 1550. 77 Transition Region 
NV 1238.82+1242.80 Transition Region 

3. Results from IUE and HST/GHRS 

3.1. TRANSITION REGION DIVIDING LINE 

T 

~1 

0---+~1 

~1 

>1 
~1 

~1 

? 

? 

? 

One of the first important results from IUE was the identification of a 
"transition region dividing line" near K2 III (Linsky & Haisch, 1979). Gi
ants earlier than K2 III show the presence of C IV flux in IUE spectra 
while late-type giants typically show little or no detectable C IV emission. 
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Figure 1. Large aperture pre-COSTAR HST/GHRS echelle spectrum of Mg II k 
(.~2795.53) in a TrA. The figure is plotted in the photospheric rest frame. The broad 
wind feature is clearly visible, together with two ISM features not resolved in IUE high 
resolution spectra (Harper et aI., 1995). 

X-ray observations have shown this division also extends to coronal emis
sion (Ayres et al., 1981). Near this region of the H-R diagram there are 
changes in the morphology of the Mg II h & k profile (Stencel & Mullan, 
1980). In self-reversed Mg II lines of earlier spectral types the blue-peak is 
similar or stronger than the red-peak like in the solar atmosphere. Later
type stars mostly show the opposite asymmetry (blue < red), which model 
atmosphere calculations suggest indicates mass out-flow. A similar change 
in morphology occurs in the Ca II H & K profiles at slightly later spectral 
types (Stencel, 1978). 

Shortly after the identification of the transition region dividing line, a 
class of stars known as the hybrid-chromosphere stars, e.g., a TrA (K4 II) 
were identified which are later than K2, showing wind absorption features 
and showing the presence of C IV emission (Hartmann et al. 1980, Reimers, 
1982). These stars are mostly bright giants or supergiants which lie above 
the original dividing line for giants. Figure 1 shows a GHRS echelle spec
trum of the Mg II k line in a TrA. The broad wind absorption is clearly 
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visible as well as two ISM features near line center. GRRS and ROSAT 
PSPC observations of I Dra (K5 III) show that Mg II wind features, C IV 
and X-ray emission do co-exist in a giant on the cool side of the dividing 
line (Brown et al., 1994). The presence of coronal and transition region 
plasma and Mg II wind absorption features are not mutually exclusive. 

3.2. TRANSITION REGION LINE SHIFTS 

If transition regions are associated with the base of a warm or hot wind 
then the possibility exists that emission lines might show line shifts indica
tive of the outflowing plasma. Analysis of IUE line shifts for coronal stars 
(3 Dra (G2 Ib-IIa), a Aur A (F9 III) and A And (G8 III-IV) (Ayres et al., 
1988) showed red-shifts (or down-flows) in Si III], C III], Si IV and C IV 
possibly weighted towards high densities. The Si III] and C III] are both op
tically thin so that the red-shifts are unambiguous indicators of down-flows 
(scattering of optically thick lines in out-flows can also appear red-shifted). 
IUE C IV observations for the hybrid-chromosphere star a TrA show no 
significant Doppler shifts (Ayres et aI., 1984), HST observations have con
firmed red-shifts of transition region lines for several stars (Linsky, Wood 
& Andrulis, 1994) and that C IV in a TrA shows no systematic redshift. 
Interestingly the RST has confirmed that active stars show C IV A1548.2 
profiles which are less red-shifted than the weaker A1550.8 line. In a TrA 
A1548.2 is blue-shifted while the other line is redshifted. The observed red
shifts of optically thin emission lines certainly do not provide evidence for 
mass outflows, however, the large line widths suggest that the atmospheres 
are very dynamic. The observed red-shifts may result from differences in 
the emissivity of up and down flowing material which form part of a net 
out-flow. 

3.3. FE II LINE PROFILES 

There are many Fe II emission lines which have optical depths which cover 
four orders of magnitude, thus making them ideal for sampling different 
heights in the stellar atmosphere. Observationally the profiles of Fe II lines 
can be summarized as follows: Lines of low optical depth (r < 1) are sym
metric and centered on or close to the photospheric rest frame. They have 
line widths characteristic of the chromosphere. Moderately opaque lines 
(r I'v 1) are asymmetric with a depressed blue peak and the lines are opac
ity broadened with the emission wings centered on the photospheric rest 
frame. Very opaque lines (r ~ 1) show a deep wind absorption feature, 
the profile being highly asymmetric with very broad wings which are cen
tered on the photospheric rest frame (Judge & Jordan, 1991). Figure 2 
illustrates these trends with GRRS spectra of I Cru (M3.4 III) (Carpenter, 
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Figure 2. Line profiles as a function of optical depth for 1 Cru (M3.4 III) and ~ Vel 
(K4 II), after Judge & Jordan (1991). The lowest panel shows an optically thin C II] line, 
the top panel shows the Mg II h line. The intermediate panels show a selection of Fe II 
lines. 

Robinson & Judge, 1995) and A Vel (K4 II), the acceleration of the wind 
with increasing height (larger T) can clearly be seen. 

Qualitative analysis of IUE data for a Ori (M2 lab) (Carpenter, 1984) 
shows that the velocity of the Fe II self-reversal first increases and then 
decreases with optical depth. The appearance of wind deceleration is an 
important result because in a steady-state wind, it marks the radius where 
the rate of energy input is less than that required to lift the gas through 
the gravitational potential. Note that more recent HST observations do not 
show the same flow patterns indicating time variability in a Ori (Carpenter 
et al., 1996). A quantitative study of the Fe II spectra will provide strong 
constraints on wind acceleration from single stars. 

3.4. ECLIPSING BINARY SYSTEMS 

The most detailed information on stellar winds has come from studies of 
cool evolved stars in eclipsing binaries such as ( Aurigae, VV Cep and 
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symbiotic systems. A review of IUE observations of these systems has been 
given by Hack & Stickland (1987). The spatial resolution obtained by ob
serving the systems at different orbital phases has allowed two different 
approaches to estimate the wind velocity as a function ofradius, v(R). The 
first approach converts absorption line column densities into particle den
sities assuming spherical geometry, e.g., Eaton (1993), Vogel (1991) and 
Schroder (1985). The velocity can then be inferred by assuming a time
independent mass-loss rate. The second approach is to model line profiles 
which show P Cygni-type scattering. These models include the same as
sumptions but use both column density and velocity information directly, 
e.g., Kirsch & Baade (1994) and references therein. The velocity-law is 
frequently assumed to be of the form 

v(R) = v(oo) (1- ~)f3, (1) 

and results from the best studied systems are given in Table 3. The ac
celerations are found be relatively slow (13 '" 2.5 -+ 3.5) compared to the 
semiempirical model of a Boo (K2 III) (Drake, 1985) and hot star winds 
where 13 '" 0.5 (Caster, Abbott & Klein, 1975). 

TABLE 3. Wind velocity parameters for C Aurigae and 32 Cyg. 

System if v (00) V.toc M. R. f3 
Me yr-1 kms-1 kms-1 (Me) (Re) 

C Aur (K4 Ib) 6 x 10-9 90 20 7 166 3.5 

32 Cyg (K5 lab) 1.5 x 10-8 90 30 8 188 2.5 

4. Conclusions 

The absence of blue-shifted emission lines excited within stellar winds pro
vide strong constraints on theoretical wind models. The absence of blue
shifted emission may be a result of line formation in a highly dynamic 
outflow or it may result from low particle densities or a gradual wind accel
eration as suggested from the observations of ( Aurigae systems. The Fe II 
wind diagnostics shown in Fig. 2 should reveal whether the apparent slow 
acceleration deduced from ( Aurigae systems is also a property of single 
stars and a function of spectral-type. 
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PROMINENCES ON LATE TYPE ACTIVE STARS 

P.B. BYRNE 
Armagh Observatory 
Armagh BT61 9DG, N. Ireland 

Abstract. There is increasing evidence of prominence-like neutral hydro
gen clouds suspended in the otherwise hot coronae of active late-type stars. 
We review this evidence here and discuss the nature of these clouds. In 
particular we discuss their possible role in rotational braking. 

1. Introduction 

The solar paradigm is widely used to explain a broad range of phenomena on 
late-type stars. These include stellar flares, sudden brightenings in broad
band radiation, from microwaves to hard X-rays (analogous to solar flares), 
modulation of global visible and near-IR light by the varying visibility of 
dark areas on the stellar surface as the underlying star rotates ("starspots", 
analogous to sunspots), and non-radiative heating of hot chromospheres 
and coronae. All of these phenomena arise from powerful magnetic fields, 
generated by the interaction of differential rotation and deep convection, 
and intensified locally into loop structures at the photosphere and above, 
in a manner familiar on the Sun. 

Studying stellar counterparts of solar magnetic activity offers us many 
insights not available on the Sun. We observe stars which rotate at many 
times the solar rate (Prot 2:: 0.2 dy) and which possess convective regions 
extending almost to the core of the star. These result in more efficient 
magnetic field generation and, as a result, solar phenomena are scaled by 
orders of magnitude. Active late-type stars may also be observed in young 
open clusters and in the old disk field population giving an evolutionary 
perspective on their rotationally induced activity. 

Such active stars include a "zoo" of objects, such as the FK Com, T Tau, 
W UMa stars and even the secondaries of cataclysmic variables, all of which 
display rotationally induced magnetic activity of the type described above. 
In this review we are going to discuss only the dKe/ dMe stars, i.e. the 
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classical "Flare" stars, and the RS CVn sub-giant binaries. The former are 
rapidly rotating main sequence objects, while the latter are post-main se
quence close binaries, in which tidal interaction has forced one, or both, 
components into rapid rotation. This selection is dictated largely by the 
range of available observational material rather than intrinsic interest. 

On the Sun, prominences are intimately associated with solar magnetic 
active regions. They consist of neutral hydrogen gas trapped in a poten
tial well near the apexes of loop arcades and embedded in a multi-million 
degree corona. They are seen as dark features via resonant scattering of 
the Ha-bright chromospheric radiation. When seen on the solar disk, large 
prominences are filamentary in structure and their total projected area is 
typically ~ 1 % of the solar disk (Allen, 1973). Their height above the photo
sphere is typically O.05R0 and they have lifetimes of several solar rotations. 

2. ABDor 

AB Dor (= HD36705) is a bright (V",6.9) KOV star at a distance of "'16pc. 
It rotates with a period, Prot =O.514dy. Combining the directly measured 
Vrotsini (I"V85kmj s) and this period yields a radius, R=O.9R0 , close to nor
mal for a KO main sequence object. This large rotational velocity means 
that doppler broadening exceeds all other sources of spectral line broaden
ing, even for the case of chromospheric Ha. 

High-resolution spectra of AB Dor's Ha line show narrow absorption fea
tures crossing between ±vrotsini in times short compared to Prot (Cameron 
& Robinson, 1989a,b). These features cannot be at the stellar photosphere, 
since they would cross the rotationally broadened profile in a time Prot!2 
and so Cameron & Robinson interpreted them as clouds of neutral hydro
gen supported high above the photosphere in a manner reminiscent of solar 
prominences. 

Consideration of their disk crossing times, along with their projection 
geometry, led to the conclusion that they form at, or just beyond, the co
rotation radius, Teo-rot (where w2Teo_rot = g). Furthermore, Cameron & 
Robinson (1989b) showed that individual clouds could be identified on sev
eral rotations, suggesting that they have a lifetime of several days. They 
suggest that the neutral material forms at the apexes of magnetic loops 
which extend beyond Teo-rot, where centrifugal acceleration leads to con
densation. Material is fed from the lower, hotter portions of the loops by 
thermal expansion and then centrifugal acceleration. The neutral compo
nent of the gas is tied to the magnetic field lines by collisions with the 
ionized component, persisting for a period of time comparable to the dif
fusion time. Clouds are seen to dissipate on a time scale of ",,2-4dy, while 
new clouds form at a rate '" 1-2 j dy. Cloud masses have been estimated to 
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be 1017-1018gr (Cameron et al. 1990),2-3 orders of magnitude larger than 
typical solar prominences (Allen, 1973). 

Cameron & Robinson suggest that the dissipation of the neutral clouds 
beyond r co-rot is a potentially powerful means of removing rotational an
gular momentum from such stars on a time scale of", 108yr. 

3. Open cluster rapid rotators 

Stellar rotational velocities in the o:Per (Stauffer et al. 1985, 1989) and the 
Pleiades (Stauffer et aL 1984, Stauffer and Hartmann, 1987) open clusters 
showed that, while many G stars rotate rapidly in the former, at an age 
T ",50Myr, they were all slow rotators in the latter, whose age is T ",70Myr. 
In contrast, many K stars in both clusters are rapid rotators, while they 
are slow rotators in the Hyades (T ",600Myr ) (Stauffer et al. 1987). 

Assuming that these results reflect ageing and not the effect of stellar 
environments in the individual clusters, Stauffer et al. concluded that there 
was a rapid braking mechanism in operation in young, rapidly rotating 
stars which could brake G stars on a time scale S;20Myr (the difference in 
age between o:Per and the Pleiades), and somewhat longer in K stars. 

The neutral hydrogen clouds discovered in AB Dor could provide such a 
mechanism. However, they would need to be ubiquitous in rapidly rotating 
stars and in cluster G/K stars in particular. 

Cameron & Woods (1992) found evidence for Ho: absorptions in four 
rapidly rotating G stars in o:Per. In one of these it was possible to show 
that the clouds giving rise to the absorptions were a short distance outside 
the co-rotation radius. Therefore, while not providing conclusive evidence, 
these data are supportive of the braking hypothesis. 

4. HKAqr 

HK Aqr (=BD-16°6218 =Gl890) is a 10th magnitude M2Ve star at a dis
tance of ",20 pc, the 'e' suffix indicating Balmer Ho: in emission, an indica
tor of extreme chromospheric activity. Young et al. (1984, 1990) discovered 
it to be an exceptionally rapidly rotating star with a period P",10.34hr 
and vrotsini ",70km/s. Combining these two values suggests a stellar radius 
R",0.6R0 , normal for a main sequence star of HK Aqr's spectral type. 

As with AB Dor, rotational broadening dominates over other sources of 
broadening, even in the case of the normally very broad chromospheric Ho: 
emission (Byrne & Mathioudakis, 1993). Recent analysis of high resolution 
Ho: profiles (Byrne et aL 1994) has shown that the emission line centroid 
varies in times short compared with a complete rotation. 

In Fig. 1 (upper panel) we show a sequence of these spectra and (lower 
panel) the result of division of each spectrum by the mean Ho: spectrum 
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Figure 1. Example sequence of consecutive Ha emission profiles of HK Aqr on the 
night of 25 August 1991 (upper panel). The spectra are separated in time by ",5 min 
(~IP = 0.008) and occur in the time sequence --, --, ..... , - .. - and -.-. Also shown 
(lower panel) is the result of dividing these same individual Ha profiles by the mean profile 
for the entire period of observation. This diagram is taken from Byrne et al. (1996a). 

for the entire observing run. It is clear that the centroid variations arise 
from progressive absorption of the blue wing of the Ha emission. The full 
spectral sequence shows the absorption crossing the entire profile. 

This interpretation is made even clearer in Fig. 2 where we have plotted 
the radial velocity with respect to line centre of these absorption features. 
They are seen to vary linearly in their velocity, while their range in RV is 
constrained to ±vrotsini. Furthermore, individual features can be identified 
over a period of at least 2 days (Byrne et al. 1996a). In these respects they 
are directly comparable to the absorption features seen in AB Dor and 
described above. Therefore we adopt the same interpretive framework of 
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Figure 2. Radial velocities of gaussian fits to the excess/deficit in the ratios of individual 
HO! line spectra of HK Aqr on the night of 25 August 1991 to the overall mean. Ratios 
falling above or below a mean line defined by the ratio of nearby continuum regions, 
described in the text as in net absorption or net emission, are represented by filled 
symbols or open symbols respectively. The two horizontal lines represent ±vsini corrected 
for a mean velocity of +7kms- 1 . 

neutral hydrogen clouds suspended in closed magnetic loops. 
HK Aqr's Ha absorptions differ from AB Dor's in an important repect, 

however. Assuming the mass of HK Aqr can be derived from its spectral 
type, its corotation radius, r co-rot can be determined and, from it, the 
crossing times for clouds held at that radius. This corresponds to ~<p=O.09. 
Perusal of Fig.2 shows that all of the clouds detected on HK Aqr's Ha 
profile cross in times longer than this. Geometric arguments then force the 
conclusion that all of the clouds are at heights less that r co-rot. Indeed, even 
assuming that they all cross the line-of-sight between the observer and the 
centre of the star, some may be at heights above the stellar photosphere 
comparable to large solar prominences. 

The maximum scattered Ha flux is ",5-10% suggesting a minimal pro
jected disk areal coverage of a similar magnitude. Obviously such structures 
are much larger than typical solar prominences. 

So, observations of HK Aqr supports the contention that prominence
like neutral hydrogen features are present in rapidly rotating late-type stars, 
but suggest that their potential as a rotational brake is not universal. 

5. IIPeg 

II Peg is a 6.72dy SBI binary of spectral type K2IV with a measured Vrotsini 

of 21km/s. Its Ha is strongly in emission and the width of its profile is 
determined by radiative transfer effects (see e.g. Byrne et al. 1995). Thus 
detection of cool clouds in its atmosphere cannot be achieved by looking 
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Figure 3. The mean time-averaged HQ' profile of the RS CV n binary, II Peg, (--) 
compared to its observed profile during an "absorption event" of the type described in 
the text (--) in September 1993. The lower curve ( ..... ) shows the result of dividing the 
"absorption event" profile by the mean time-averaged profile (Byrne et aL 1996b). 

for their doppler signature crossing the line profile. 
Nevertheless, evidence of Ha absorptions has been found (Byrne, 1987). 

Fig. 3 shows the mean Ha spectrum of II Peg compared to its profile during 
one of these Ha absorption "events". The profile is clearly is heavily ab
sorbed, this time on the red wing of the line. The absorption profile (Fig. 3 
lower curve) has a P-Cygni-like profile, sharply defined to the blue, but 
quasi-exponential to the red, suggesting a strong downflow associated with 
the material in the absorbing cloud. Although it is difficult to determine 
velocities definitively from profiles of an optically thick line, it appears that 
terminal velocities as high as 200-300kmjs could be present. This is close 
to the escape velocity for II Peg (1'V260kmj s) suggesting that perhaps the 
material originates in the otherwise invisible low-mass companion. 

6. Flare-associated prominences? 

Transient dips during broadband photometric flares (Flesch & Oliver, 1974, 
Giampapa et al. 1982, Doyle et al. 1988), during spectroscopic emission-line 
flares (Doyle et al. 1989, Houdebine et al. 1994) and during X-ray flares 
(Haisch et al. 1983) have been reported in the literature. By analogy with 
solar flares these have been ascribed to large-scale eruptive prominences or 
surges associated with the flare site. 
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Figure 4. Broadband photometric "dips" during a flare observed simultaneously on the 
active flare star, AD Leo, at McDonald and Lick observatories. (adapted from Hawley 
et al. 1995). 

Fig. 4 shows an example of a multi-site, simultaneous photometric ob
servation of a broadband stellar flare on the dMe star, AD Leo (Hawley 
et al. 1995) which apparently shows a dip observed from both sites (at 
",10:12UT). Closer examination of the data, however, shows that the pro
files of the two dips are quite different (Fig.4, lower panel), suggesting 
that both were caused by the passage of some light cloud or a temporary 
drift in telescope guiding. This illustrates the problems associated with ac
cepting the reality of single-site observations of photometric evidence of 
flare-associated prominences. 

7. Conclusion 

There is an increasing body of evidence supporting the contention that 
clouds of neutral hydrogen exit in active late-type stars, held above their 
photospheres in magnetic loops. However, as with other stellar counterparts 
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of solar magnetic activity, their scale appears to be larger than on the Sun, 
and the details of their physics subtly different. 
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STELLAR CMES AND FLARE MASS MOTIONS 

E.R. HOUDEBINE 
ESA/ESTEC Space Science Department, The Netherlands 

Abstract. We review evidence for mass motions during stellar flares and 
show that among them, some are possible signatures of Coronal Mass Ejec
tions. So far, very little is known about stellar CMEs but we show that their 
potential implications are important. For instance, the CME driven mass 
loss rates, much larger on stars (10-13 - 10-6 MGyr-1) than on the sun 
(N 10-14 MGyr- 1), may dominate the stellar wind as well as the mass bal
ance of the interstellar medium, but also influence the angular momentum 
loss and stellar evolution. 

1. Important Issues Relevant to Flare Mass Motions 

The short time scale of flares and related phenomena has made the detec
tion of flare mass motions and probable Coronal Mass Ejections (CMEs) 
quite difficult (here, we refer to CMEs as the discrete ejection of coronal 
plasma from the stellar gravity potential in its broader sense). Nevertheless, 
Doppler-Fizeau shifts in spectral lines have been reported on a number of 
occasions, mostly from ground-based spectroscopy with adequate time and 
spectral resolutions (8t N1min and )"/8),, ~ 2000). 

We summarize all detections of flare mass motions in Table 1, with 
a total of 22 flares on dwarfs and RS CVn systems. The first detected 
signatures were red-shifted emissions during the impulsive phase, a well 
known and systematically observed motion in solar flares. This was detected 
in 10 flares out of 14 on dwarfs (71 %). Including RS CVn systems, a redshift 
was reported in 80% (16 out of 20) of the cases for which there was a time 
coverage of the impulsive phase, and it is therefore the most frequently 
observed phenomenon. Blue shifts are less frequent on M dwarfs and are 
reported mostly during the gradual phase, with an occurrence of 10% (2 out 
of 20) during the impulsive phase and 19% (4 out of 21) during the gradual 
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phase. Blue-shifts were more frequently detected on RS CVn systems. More 
complex velocity fields were detected only in three cases (14%). Of course, 
those figures are entirely dependent on the data quality and the resulting 
detectability threshold. Nonetheless, they give us an idea of what are the 
dominant types of motions one can expect and their relative amplitudes. 

Surprisingly, Doppler shifts are more frequently detected in intermediate 
size flares (typically 1 to 2 magnitudes on an M4 dwarf) rather than very 
large flares. The only motion seen among flares of the latter class is that of 
the 5.3 mag UV Ceti flare observed by Eason et al. (1992). The Balmer line 
FWHM also seems to drop for very large events (e.g. Houdebine 1992; Eason 
et al. 1992). This suggests that as the flare power increases, the contribution 
from the kernels and cool coronal structures is being overwhelmed by that 
from a stationnary back-heated chromosphere (Houdebine 1992). 

2. Candidates to Coronal Mass Ejections 

Among the observed mass motions, there is no definite evidence for coronal 
mass ejections. On the basis of the distance travelled by the plasmoid, we 
selected eight CME candidates detected as velocity shifts. The distances 
covered are between 60Mm and 104Mm; for comparison, the typical radius 
of a red dwarf is 200Mm. The strongest cases on dwarfs are for AD Leo 
(Houdebine et al. 1990) and AT Mic (Gunn et al. 1994) events where the 
distance is at least of the order of the stellar radius. There is a remarkable 
difference between mass flows on dwarfs and RS CVn systems; for the 
latter, even though the flows are often slow, they are sustained for a much 
longer period of time (typically hours) and much larger distances of several 
hundreds of Mm are covered. 

Although impulsive phase downflows most often cover less than 10Mm, 
this is still about a factor of 5 larger than the chromosphere's height. This 
suggests that more than a single isolated dowflow takes place. In a couple 
of instances, Bopp and Moffet (1973) and Bookbinder et al. (1992), this 
distance and the flow velocity are abnormally high (respectively several 
tens of Mm and about 1000km 8-1 ) which shows that we may be observing 
ejected material with a negative projection along the line of sight for a flare 
occurring behind the limb. In particular, the latter authors observe profiles 
that show a surprisingly sharp edge on the blue wing of the C IV lines at 
1545.5A which is highly suggestive of an occulted flare. These two events 
may therefore be signatures of fast CMEs or chromospheric evaporations 
as reported in Houdebine et al. (1990). 

More intriguing, red-shifted "downflows" on RS CVn systems appar
ently travel typical distances of a few hundreds of Mm, two orders of mag
nitude larger than what would be expected for a "chromospheric 
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Table 1: Compendium of all detected mass flows during flares on main-
sequence dwarfs and RS CVn systems. We give the maximum observed 
velocities or the mean velocity, the estimated kinetic energy and the 
U-band magnitude (U) 

StaT Authon Lines V Duration El( U Ma.u 6h Comments 
(km;.) (min) (erg) (Kg) (Mm) 

dMe Stars 
UV Ceti Joy 1958 30 Suspected red-shift 
Wolf 359 Green:uein &: ATP HI -23 S5 9 Blue Ihifu, imp. 

1969 Call -59 SO 98 
AD Leo Ge .. hberg &< HI Red asymmetry 

Shakov.kaya 1971 Impulsive phase 
AD Leo Kulapovao && HI Red asymmeHy 

Shokov.kaya 1973 Impulsive pha.se 
UV Celi Bopp &< Moffel HI S1100 2.3 $130 Red wing exceu 

1973 Call K $600 9 2 Around impulsive pha.se 
Wolf 424 Robinson 1989 HI Slighl red.hilt 

POlse.impulsive pha.se 

EV La.c Ambruster et a1. UV lines Flux drop, cloud! 
1986 CME! 

UV Celi Phillip. el a!. HI -100 9 2.0 $6 Red wins: exceu 
1988 Impubive pha.:le 

YZ CMi Doyle et &1. HI 1.2 Slight red asymmetry 
1988 Impuhive pha.fe 

AD Leo Houdebine et a.1. HI ~-5800 3 5 1034 2.1 8 1014 900 Blue wing exceu, imp 
1990 CME! 

AD Leo Bookbinder et &1. CIV, SiIV 9 800 ~2 106 - 60 Red.hilt 
1992 HeU CME! 

UV Celi Ea.son et a.l. Ha -70 ~40 ~160 Blue shifi, CME? 
1992 

AU Mic Woodga.te et al. LYa $3700 -3. $11 Wea.k fla.re 

1992 Proton beaml ! 

AD Leo Houdebine et a1. Call -120 9 6 1032 2.1 1013 9 Blue shifted ab:5. 
1993ab HI, HeI $100 3 min 1013 $18 Red-:5hift, imp. ph&:se 

Call <:-140 ~14 2 1012 ~90 Blue-shift, grad. pha.:se 
Call -60 ~4 Blue-.hifl ab •. , CME! 

YZ CMi Gunn et a.1. HI ~-250 -4 -60 Blue wing exceu, CME? 
1994a Post impulsive phue 

AT Mic Gunn et a1. HI ~-620 ~13 3 1029 1012 ~250 Blue wing exceu, CME? 
1994b Call K <:-410 POit impulsive phue 

AU Mic Lin,ky &< Wood Si IV - 40 $3 $7 Weak flare, blue &< 
1994 - -30 $3 $5 red $hifh 

VB 10 Lin.ky 1995 UV Blue wing excess 
RS CVn Stars 

1:X Ari Simon et a.l. MgIJ, FeU -45 $30 $80 Blue .hifl 
G5/KO 1980 $860 $30 $1500 Red wing excels 
~ And Ba.1iunu et &1. MgIJ 25 ~5 h ~450 Red'hift 
GRIV 1984 
ViII Tau Lin$ky et a1. MgU k 90 -60 1032 0.1 -300 Red.hifl 
G5/KI 1989 
AR Lac Neff e1: a1. HI ~30 -4 h -400 Redihift 

1989 
VHI Tau Mullan et a1. UV lines ~-800 ~3.3 h 1012Kg/. 104 Blue :shifted a.b5. 
K2/W d 1989 CME5, no fla.re 
U Peg Doyle et a.l. MgU -25 ~4 h ~360 Red :Jhift, imp. phase 
K3IV 1989 -25 Blue.shif1:ed a.be. 
IIR 1099 Foing et a.1. Ha ~-HO -60 2 1038 2.3 3 1018 1700 Blue wins exces' l CME? 
J(I/G5 1994 $280 <:40 670 Red wing exces,$ 

50-90 ~20 80 Red-.hifled ab •. 

IIR 1099 Ha <:-70 -60 21037 0.61 1.5 1017 _220 Blue wing excess, CME? 
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condensation". This further underlines the different natures of flares on 
RS CVn systems and on solar type stars. We interpret those different prop
erties (velocity, distance covered, mass, duration) as evidence for inter
system flares rather than traditional solar type "surface fl'ares". Yet on an
other scale, the magnetodynamic CME-like events on cataclysmic variables 
reach velocities of a few thousand km S-1 and are detectable for periods 
of hours to days (Cordova & Mason 1982). This highlights that magneti
cally triggered mass motions can be somewhat more energetic than solar 
phenomena and urges us to comprehend magnetodynamic phenomena on 
a wider scale. 

A couple of other types of possible CME signatures were put forward re
spectively by Ambruster et al. (1986) and Mullan et al. (1989). The former 
observed a sudden flux drop in UV lines that they interpreted as an ob
scuring cloud of cool plasma ejected from lower atmospheric levels, whereas 
the latter took advantage of the primary eclipse on V 471 Tau to detect fast 
moving ejected plasmoids in the corona of the K2 dwarf inducing a mass 
loss rate of N 1012kg s-1, i.e., a large solar prominence every second. 

3. Flare Kernels and Chromospheric/Photospheric Evaporation 

Because direct measurements of mass losses are rather difficult, we may 
devise other methods that could help us to obtain further constraints. Most 
notably, what are the mechanisms that carry the mass from the photosphere 
to the corona? One possibility is through flaring events, or in other words, 
explosive chromospheric evaporation. 

Stellar flare kernels can leave singular spectral signatures that are ev
idence for very high plasma densities (Houdebine 1992). For a flare on 
AD Leo, Houdebine et al. (1993a, b) obtained a kernel area of '" 1014m2 
and a transition region column mass of", 19 cm-2 which shows that the 
atmosphere has been "burnt" down to the photosphere. This implies that 
a mass of N 1015kg has been evaporated from the chromosphere and the 
photosphere, which is comparable to the N 8 1014kg inferred for the fast 
mass ejection suspected to be the result of explosive evaporation (Houde
bine et al. 1990). Coincidentally, it is indeed interesting to note that the 
masses as well as the momentum of the upward and downward flows are 
balanced (Houdebine et al. 1993b). 

This evaporated mass is much larger than typical solar values. If it is 
indeed injected into the corona, it will have major implications for both the 
physics of the corona and the stellar wind. For this reason, we attempt to 
estimate the total mass evaporated during flares. 

Using flare kernel calculations (Houdebine 1992), we applied the same 
method for other flares on read dwarfs (Table 2). Furthermore, with this 
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data we found new empirical correlations between the U-band flux U (erg A-I 
cm-2 s-l) and peak flux Up (erg S-1 A-I), the Hh line width FW H MHo 
(1), the column mass at the transition region M (g cm-2 ) and the evapo
rated mass m (kg) namely: 

log(U) 
M 

log(m) 

0.1363 FW H MHO + 24.74 

0.1301 FW H MHO - 0.5297 
9.82[log(Up)]0.537 - 42.57 

(1) 
(2) 
(3) 

Although important assumptions have been made to calculate the pa
rameters in Table 2, the gross estimates obtained when using these formulae 
will tell us if we are pointing to an interesting mechanism. 

Table 2: Estimates of chromospheric and photospheric evaporations during stellar flares 

Star Authors U-band log(M) Area Mass 
g cm-2 cm2 (Kg) 

YZ CMi Zarro & Zirin 1988 (2.2) -0.28 2 1018 1.1 1015 

YZ CMi Doyle et aI. 1988 1.2 -0.08 3 1017 2.1 1014 

UV Ceti de Jager et al. 1989 8.0 (W-band) -0.03 1 1018 9.9 1014 

AD Leo Hawley & Pettersen 1991 5 -1.19 4 1019 2.7 1015 

AD Leo Houdebine 1992 2.1 0.0 1 1018 1.0 1015 

AD Leo Houdebine 1992 0.9 -0.67 1 1018 2.2 1014 

Prox Cen Houdebine 1992 0.28 -1.70 1 1016 2.2 1011 

When combining the evaporated mass-U peak flux relation to the flare 
occurrence formula (Kunkel 1968, 1975), one obtains a mean evaporation 
rate; 

if = 5.39 10-70 F-;·5a [Fmax eXPlO[9.821(log(F))0.537] dF Mev yr-1 (4) 
iF! . F1+2.5a 

mm 

where a is a constant close to 1 and Fo is the U-band flare flux (ergs A-I S-I) 
for flares with a frequency of occurrence of 1h-1 (Kunkel 1975). In the above 
integral, all the power is at low energies: for instance, for AD Leo, we have 
a=0.91 and Fo=1.9 1025 ergs A-I s-l, which yield if = 8 10-12 Mev yr-1 
when integrating between 1025 and 1028 , but the figure becomes if = 
1 10-10 M0 yr-1 when integrating down to a value of 1024 . Observations 
of Proxima Cen are evidence that flares exist at a much smaller energies, 
down to 1023 ergs A-I s-1 or less. For this larger energy range, equation 
(4) yields if = 1.2 10-9 M0 yr-1. 

One can see the importance of the coronal mass flows generated dur
ing flares. The mass evaporation rates are in a range overlapping with 
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the mass loss rates (c.f. §5). However, with our present knowledge of flare 
physics and statistics, the mass evaporation scenario seems unable to feed 
a 5 10-10 MG yr-1 stellar wind. Nonetheless the low energy distribution of 
flares which is poorly known can be a potential source of coronal plasma. 

4. Spectral Line Asymmetries 

Another possibility to carry the mass up to coronal heights is in a form of 
a more or less continuous flow. Applying the mass flux conservation for a 
mass loss rate of 10-10 MG yr-1 (see next section) and a stellar radius of 
0.5RG actually implies a minimum flow velocity between 0.1km 8-1 in the 
low chromosphere to several tens of km 8-1 in the transition region (using 
Houdebine & Panagi (1990) and Houdebine & Doyle (1994) model chro
mospheres). Therefore, if such a mass loss is taking place and evaporation 
is continuous, then asymmetries or shifts should be detectable in emission 
lines. 

Excess emission in the blue wing of Ha was noticed for AU Mic (Houde
bine 1990; Robinson et al. 1990). More recently, we compared the spectra 
of stars with identical spectral types (Houdebine et al. 1995); the spectrum 
of a low activity star was subtracted to those of Gl 815AB, Gl490A, Gl 867 
and St 497. This last star shows a clear excess in the blue wing, whereas 
for the others a more detailed investigation is required. 

Applying simple physics to the excess emission in the blue wing for 
St 497 gives a corresponding mass flux of 610-10 M 0 yr-1 (for a temperature 
offormation of 1O,000K and an Ha emissivity from Houdebine & Doyle 1994 
model atmosphere 1-2. This value is comparable with that found by Mullan 
et al. (1989) from the IR/mm excess. It is important to note that a mass 
flux an order of magnitude less would hardly be detectable. 

5. Impact of CMEs on the Stellar Wind and Mass Loss 

Thermal pressure gradients are the main driving mechanism for the Solar 
wind, and its mass flux grows exponentially with the coronal temperature 
(Parker 1963). In active stars, the much higher coronal temperatures implies 
that the corona would "explode outwards into space" if it is isothermal, 
and the mass loss rate would be orders of magnitude larger (Mullan et 
al. 1992). Another contributor to the wind is the accumulation of CMEs 
which can provide up to 15% of the mass flux in the near-ecliptic plane 
of the Sun (Webb & Howard 1994). In stars, the proportions of these two 
leading mechanisms are unknown, but there are indications that CMEs may 
generate a mass flux orders of magnitude larger than on the Sun (Mullan 
et al. 1989, Houdebine et al. 1990). 
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We give below (Table 3) estimates ofthe mass loss per year using various 
methods. For the flare associated CME discussed in Houdebine et al. 1990, 
we took a plasma temperature of 50,000 K (Houdebine 1992) which yield 
a mass loss of 3 10-12 M0 yr-1• Mullan et al. (1989) noted several highly 
blue-shifted absorption features in the UV spectrum of the V 471 Tau binary 
system and inferred a mass loss rate of '" 10-11 M0 yr-1. In other active 
binaries, direct measurements of angular momentum loss suggest a mass 
loss in the range 10-13 - 10-6 M0 /yr (Hall et al. 1980, Hall & Kreiner 
1980). Mullan et al. (1992) also derived a mass loss rate from the abnormal 
IR and mm excess in active dMes. They found a rather large figure of 
5 1O-10M0 yr-1 for YZ CMi (dM4e). 

Table 3: Estimated mass-loss rates due to magnetic activity 

Star Authors Method Mass loss 
(M0 yr- 1 ) 

AU Mic (dM2e) This work Flare statistics 6 10-10 

CR Dra (dM2e) This work Flare statistics 1.4 10-9 

UV Ceti A (dM6e) This work Flare statistics 910-12 

AD Leo (dM4e) This work Explosive evaporation 10-11 _10-9 

St 497 (dM1e) This work H" blue wing excess 6 10-10 

AD Leo (dM3e) Houdebine et al. 1990 Flare associated CMEs 3 10-12 

V471 Tau (K2/Wd) Mullan et al. 1989 CMEs 1 10-11 

YZ CMi (dM4e) Mullan et al. 1992 IR/mm excess 510-10 

dMe Mullan et al. 1992 Corona thermal expansion ~ 310-11 

RS CVn Hall et al. 1980 Angular momentum loss 10-13 _10-6 

Systems Hall & Kreiner 1980 

So far, too little is known about solar CMEs as a function of other 
magnetic activity indicators so as to extrapolate to higher activity levels in 
stars. Nevertheless, with simple considerations based on the solar case we 
may work out a figure that we can compare to the above values. Assuming 
that; (i) 60% of CMEs are flare associated and 40% are not (Wagner 1984), 
(ii) the CME kinetic energy is comparable to the flare radiated energy, (iii) 
the maximum flare integrated energy is '" 1 %Lbol (Kunkel 1973), (iv) the 
CME average velocity is as on the Sun < V >'" 350km 8-1 (Hundhausen 
et al. 1994), then one can show that for active M dwarfs: 

if '" 7 10-9 Lbol M0 yr-1 

L0 
(5) 

For high luminosity, early type M dwarfs such as AU Mic (log( LLh9!) = 
o 

-1.1) and CR Dra (log(1~) = -0.70), equation (5) yields a mass loss 
of respectively 6 10-10 M0 yr-1 and 1.4 10-9 M0 yr-1. According to the 
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variation of the "absolute flare incidence" as a function of absolute mag
nitude (Kunkel 1975), this rate should diminish for later spectral types 
such that for one of the faint UV Ceti component (log( LLbQI) = -2.9) we 

(') 

obtain M = 9 10-12 M0yr-1• Those figures lie in the same range or even 
higher than those inferred from other methods and highlight the potential 
importance of coronal mass ejections. 

6. Conclusion 

The improved performance of spectroscopic facilities has made possible the 
detection of stellar flare mass motions and probable coronal mass ejections. 
The exceptionally high flaring rate of active dwarfs strongly supports the 
concept of permanently ongoing large mass flows in the corona. There are 
some arguments in favour of a CME driven wind (high flare frequency, 
closed magnetic topology in the corona?) as well as some influence of mag
netic activity on momentum loss and stellar evolution. Indeed, if a mass 
loss of 5 10-10 M0 yr-1 applies, then a mass of 0.10M0 will be lost in a 200 
million years, which is a significant fraction of an M dwarf mass (typically 
20%) over a period substantially shorter than the typical time scale for the 
decline in activity. 
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X-RAY EMISSION FROM O-STARS 

S. KITAMOTO, T. SUZUKI, K. TORII AND Y. OHNO 
Department of Earth and Space Science, Osaka University 
1-1, Machikaneyama-cho, Toyonaka, Osaka, 560, Japan 

1. Introduction 

The X-ray emission mechanism of OB stars is still an unresolved problem. 
One possible emission mechanism involves hot gases produced by periodic 
shocks ploughing through the wind (Lucy & White 1980; Lucy 1982). Coro
nal models are viable alternatives: A photoionized hot corona can explain 
the observed soft X-ray spectra of OB stars. In this case, however, the ori
gin of the hot corona is a problem (Stewart & Fabian 1981; Waldron 1984). 
A crucial key point to distinguish the above two models might be high 
quality measurements of soft X-ray spectra in order to confirm emission 
lines and absorption edges. So far, some detections of line emission have 
been reported (Cassinelli & Swank 1983; Corcoran et al. 1994; Kitamoto & 
Mukai 1996). These emission lines definitely indicate that the X-ray emis
sion is thermal. But still the origin of the high temperature plasma is an 
open problem. In this work, we report ASCA SIS (Tanaka, Inoue & Holt 
1994) observation results of four 0 stars: ( Ori, A Ori, 6 Ori and ( Pup. 

2. Observation and Results 

The ASCA SIS is a CCD camera installed at the focal plane of a high
throughput thin-foil X-ray telescope. It has a high sensitivity up to 10 
keY from 0.4 keY and has excellent energy resolution. All observations are 
roughly one-day observations, and exposure times are ranging from rv 20 
ksec to rv 40 ksec. 

The X-ray energy spectra of the four stars are shown in Figure 1. Promi
nent Mg and Si K lines can be recognized in the spectra of 6 Ori and ( Ori. 
Significant Mg and Si K lines can be seen in the ( Pup spectrum. 

We fit energy spectra by an ionization-equilibrium-thin-thermal plasma 
model (e.g. Kaastra 1992). Absorption by a neutral gas is also taken into 
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Figure 1. Energy Spectra of four 0 stars observed by ASCA SIS. 

account. We assume He to be at cosmic abundance. Also, we assume that 
C, Nand 0; Ne and Na; Mg and AI; Si, S, Ar, and Ca; Fe and Ni abundance 
ratios are the same to the cosmic values, respectively. Since we assume that 
the He abundance is cosmic, the absolute values obtained are meaningless. 
Only the relative abundances ratio to the cosmic value are valuable. 

All stars are roughly explained by a single component with a temper
ature from 0.3 keY to 0.7 keY, although to get an acceptable fit more 
complex models are required. All the interstellar absorptions are less than 
1021 H cm- 2 and also no prominent O-K absorption feature is observed. 

Since the absolute values of the resultant abundances are meaningless, 
the ratios to the obtained Si abundance are studied. For the light elements, 
those are consistent with the cosmic value, with the one exception of Mg in 
A OrL However, all of the iron abundances relative to the Si abundance are 
significantly smaller than the cosmic value. This result seems to be inconsis
tent with the FIP effect observed in the solar corona (e.g. Drake et al. 1995) 
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III. Production of Superhot Plasma and High
Energy Particles in the Sun and Stars 

III. I. Solar Flares 



EV IDENCE OF MAGNETIC RECONNECTION 

IN SOLAR FLARES 

S. TSUNETA 

Institute of Astronomy, The University of Tokyo, 
Mitaka, Tokyo 181, Japan 

Abstract. The detailed analysis of the 1992 February 21 flare indicates 
that magnetic reconnection is responsible for heating of the thermal plas
mas produced in the flare. The plasma density enhancement presumably 
associated with slow shocks is observed. The Yohkoh observations of this 
flare fit well with the Petschek model, and the structure of the slow shock 
is determined with the compressible Petschek theory. 

1. Introduction 

There are strong pieces of evidence from Yohkoh observations that mag
netic reconnection is essentially responsible for the flare energy release (eg. 
Tsuneta et al. 1992). Evidence so far accumulated is summarized as fol
lows: (1) The height and the foot-point separation of the soft X-ray loop 
increase as a function of time. This is due to the rise of the X-point location 
along the neutral sheet. (2) The loop top region has a cusp-like structure, 
implying the location of a reconnection site at the top of the flare loop. It 
would be hard to create a sharp cusp-like structure at the loop top without 
invoking the singular X-point structure. (3) The outer loops have higher 
temperatures in the decay phase. This is consistent with a flare energy sup
plied from the reconnect ion process near the top of the loop as shown in 
Figure l. 

These qualitative pieces of evidence encourage us to make more quan
titative analysis of the data. We perform the detailed analysis of the well
observed 1992 February 21 flare with the compressible Petschek theory 
(Petschek 1964). 
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Figure 1. Inferred magnetic structure of the reconnection site. (Tsuneta 1996). 

2. Overall Magnetic Structure 

The observations of the 1992 February 21 flare show that the outer loops 
systematically have higher temperatures, reaching the peak (12 MK) far 
outside the apparent bright X-ray loop where the X-ray intensity is only 
1-5 % of the peak. This is strong evidence that a reconnection point is 
located higher in the corona, and that the attached standing isothermal 
slow shocks heat the downstream plasma (Cargill and Priest 1983, Forbes 
and Malherbe 1991, Ugai 1992, Yokoyama 1995). The bright soft X-ray 
loops are the reconnected flux tubes subsequently filled with evaporated 
plasma. There is an inflow toward the X-point and the slow shock from 
the active region corona. The fast outflows come from the reconnection 
site upward and downward. The cool channel located in between the high 
temperature ridges is a cooling outflow from the reconnection site. The 
height of the X-point (diffusion region) is determined such that the hot 
outflow (> 13 MK) is cooled to the observed temperature (6-7 MK) ofthe 
loop-top by conduction along the reconnected field lines. Figure 2 shows the 
observed plasma parameters across the slow shock (y direction in Figure 3) 
and along the vertical line (x direction). 

3. Petschek Reconnection 

Figure 3 (a) shows the schematic structure of the slow shock region. The 
anti-parallel field lines reconnect at the diffusion region, and the slow shock 



! 12H~orizontOI Cut 
v 11 
:; 10 
-0 9 

~ ~ 
E 
~ 0 20 40 60 80 

~1~[2SJ • 10 
o 8 
~ 6 
J::o 4 
.~ il 
,3 0 20 40 60 80 

~4°L c 30 
~ 20 
v 
:; 10 
~ 0 
~ 020406080 

"E "E 

~ 1:[SjvertiCOI Cut 

~ 7 
Q. 

E 6 
~ 0 20 40 60 80 

~25ITJ u 20 
o 15 
~ 10 

f 3 
,3 0 20 40 60 80 

~g8ITJ ~ 40 
~ 30 
~ 20 
~ 18 
v 
0: 0 20 40 60 80 

~ 0.0030[]] -'::. 881~[ZU 
~ 0.0020 ~ 0:010 
" Z 0.008 
~ 0.0010 ~ 8:88~ 

-;- 0.0000 ':ci 8: 886 
~ 0 20 40 60 80 ~ 0 20 40 60 80 

21-FEB-92 04: 16:28-04:38:01l1-FEB-92 04: 16:28-04:38:04 

163 

Figure 2. Temperature, plasma density, pressure, and radiative loss along the horizontal 
(y in Figure 3) and vertical (x in Figure 3) directions. The two humps in temperature 
horizontal cut corresponds to the high temperature ridges. The low temperature region 
in between the high temperature ridges is the cool channel with sharp increase of the 
plasma density, pressure and the radiative loss flux. The vertical cut shows decreasing 
temperature and increasing density and the pressure with lower height. See Tsuneta 
(1996) for details. 

structure attached to the diffusion region is formed. We assume that the 
acute half angle of the slow shocks a < 1, and that of the magnetic sep
aratrix lines f3 < 1. [This assumption is supported by the observations 
(Tsuneta 1996).] 

The inflow velocity toward the X-point and the slow shocks is Vu , and 
the outflows both outward and downward have the Alfven speed of the 
upstream either in the Sweet-Parker or in the Petschek theories. Mass con
servation is given by 

(1) 

where L is the cross-sectional length of the inflow as shown in Figure 3 (a), 
and the suffixes u and d indicate the upstream and the downstream. We 
thus obtain 

(2) 
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Figure 3. (a),(b) Magnetic structure of the reconnection site. (c) Thermal conduction 
front and the slow shock. 

where VA is given by 

VA = Bux 
(411'mnu)O.5 (3) 

(m: proton rest mass). From the conservation of the magnetic field strength 
across the slow shock [Figure 3 (b) 1, 

Bnu = Buy cos a - Bux sin a = Bd cos a. 

From equation (4), we obtain 

Bd 
tan (3 - tan a = -B ' 

ux 

(4) 

(5) 
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where tan,8 = Buy/Bux. If we assume that the slow shock is switch-off 
(a rv 0), the speed of the shock in a frame of reference at rest is given by 

Bd 
¥Shock = (47rmnu)o.s· (6) 

From the steady state condition, the upflow velocity (in the shock frame of 
reference) Vu is 

Vu Bd 
VA = Bux' (7) 

We thus obtain from equations (2), (5) and (7) 

nd 
tan,8 = (1 + -)tana. 

nu 
(8) 

Downstream magnetic field strength Bd is estimated from the conservation 
of the normal component of the magnetic field strength across the slow 
shockj 

Bd = Bu sin(,8 - a). 
cosa 

(9) 

We assume that the slow shock is switch-off (a rv 0), and that the upstream 
speed Vu ~ VA and the downstream speed is smaller than the local sound 
speed. The momentum flux across the shock must be continuous, and we 
have 

(10) 

where Pu and Pd are upstream and downstream plasma pressures. Since the 
thermal conduction along the reconnected field lines is high, we expect the 
slow shock to be isothermal within the thermal conduction front as shown 
in Figure 3 (c) (eg. Yokoyama 1995). Since the conduction front propagates 
with speed of the local sound speed Cs along the reconnected field line, the 
acute half angle of the conduction front 'Y [Figure 3 (c)] is given by 

x tan a + (f-) sin,8 a + (f-),8 
tan'Y = - = A ""' A. (11) 

Y 1+(~)cos,8 1+(~) 

(The downstream side will be uniformly heated, unless Cs ~ VAu tan a.) If 
the speed of the conduction front is faster than the Alfv'en speed, the con
duction front is located closer to the separatrix. If otherwise, the conduction 
front is closer to the slow shock. Since ~ ""' 1 (Table 1), 'Y rv (a + ,8)/2. 
Since the slow shock is isothermal in any case, the jump condition for the 
plasma density is given as follows from equation (10): 

(12) 
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where plasma f3u is given by 

Pu 
f3u = 132· 

::JI. 
811" 

(13) 

These equations are a basic set of equations, that are useful in analyzing 
the soft X-data of the reconnection site. From the soft X-ray observations, 
we can obtain the temperatures, densities, and the pressures of both the 
upstream and the downstream. X-ray morphology may also provide the 
information on the the angles of the magnetic separatrix lines, the con
duction fronts, and the slow shocks. For instance, equation (12) allows us 
to estimate the magnetic field strength of the upstream. The inflow veloc
ity can be estimated from equations (2) and (8). Tables 1 and 2 list these 
observables and the derived parameters (see Tsuneta 1996 for details). 

TABLE 1. Upstream-downstream parameters of magnetic separatrix 
lines and slow shocks (Tsuneta 1996) 

Parameter Upstream Downstream 

Temperature < 7 MK > 12-13 MK 

Density 109 cm-3 < 5 x 109 cm-3 

Pressure 3 dyn cm-2 < 20 dyn cm-2 

Magnetic field 20-30 G 5G 
plasma f3 '" 0.25 '" 30 
Flow velocity 56 km sec- l 800 km sec- l 

Sound Mach number '" 0.1 ",1 

Alfven Mach number '" 0.07 ",5 

Alfven speed 800 km sec- l 155 km seC l 

Sound speed 550 km sec- l 770 km sec- l 

Mass Flux '" 1.7 x 1035 sec-1 '" 2.4 X 1035 sec-1 

4. Discussion 

Following three key questions need to be answered to propose that magnetic 
reconnect ion is responsible for the flare: 

- (1) Is the plasma density jump, which is direct evidence for slow shocks, 
identified in the observed density and pressure maps? 

- (2) Is the Petschek theory (structure) consistent with the data? 
- (3) Can magnetic reconnection provide the energy that is required for 

the flare? 



TABLE 2. Physical parameters of the reconnection region (Tsuneta 1996) 

Parameter 

Cool Channel Temperature 
Cool Channel Density 
Cool Channel Pressure 
Density jump across the slow shock 
Temperature jump across the slow shock 
Half angle of the slow shocks 
Half angle of the separatrices 
Kinetic energy of the outflow 
Shock heating rate 
Total energy 
Magnetic energy supply from the upstream 
Soft X-ray loop height 

Value 

10 - 6 MK 
5 - 25 X 109 cm-3 

20 - 50 dyn cm-2 

<5 
'" 1 (-y '" 1) 
0.8-1.8 degree 
5-11 degree 
5 x 1027 erg seCl 
9 x 1027 erg sec-1 

14 x 1027 erg sec-1 

6 X 1027 erg sec-1 

'" 6 x 104 km 
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X-point height 
Slow shock length 

'" 8 - 18 X 104 km above the loop top 
'" a few 104 km 

4.1. CAN DENSITY (PRESSURE) JUMP BE SEEN IN THE DATA? 

Figure 2 horizontal cut shows the temperature and the density profiles 
along the horizontal (y in Figure 3) direction. The density enhancement 
is clearly seen, although the density profile is smooth and does not have 
a steep jump. We need to examine whether this smooth transition is the 
inherent structure of the slow shock, or is due to photon scattering to the 
dark reconnection site from the bright flare loop. In any case, the density 
enhancement of the downward region is seen, and we consider this to be 
evidence to support the slow shock structure. We plan to do the same 
analysis for other limb flares. 

4.2. PETSCHEK THEORY (STRUCTURE) AND OBSERVATIONS 

All the key parameters of the reconnection site are determined from the 
observations with Petschek model as shown in Tables 1 and 2. The Petschek 
picture (reconnection X-point with slow shock structure) appears to fit 
well with the data. The compressible Petschek theory is a useful guiding 
theory in analyzing the data. Although this does not rule out alternative 
interpretations or theories, it is not easy to explain the global features of 
these observations without the concept of magnetic reconnection and the 
associated slow shocks. 
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4.3. CAN RECONNECTION SUPPLY THE FLARE ENERGY? 

From the derived parameters, we can show that total magnetic energy EB 
fed to the reconnection site with the inflows; 

(14) 

is close to the estimated energy produced in the reconnection site (Tsuneta 
1996). (8 is the cross sectional area of the reconnect ion site.) One of the 
criticisms to the reconnection concept to explain solar flares is that mag
netic reconnection is a local phenomena, and can not produce the huge 
amount of energy for flares. This concern is relieved now: the magnetic en
ergy is brought with the inflows from vast area of the upstream regions. The 
total energy released in flares thus depends on (1) magnetic field strength 
of the upstream as well as (2) the size of the upstream volume that contains 
usable magnetic fields. IT the upstream volume is small, these flares may be 
strong, but can be of short duration (and vice versa). 

5. Conclusion 

Yohkoh observations show that magnetic reconnection serves as highly ef
ficient engine to convert magnetic energy into plasma kinetic and thermal 
energies with standing slow shocks. This implies an important role of mag
netic reconnection for energetic phenomena in other astrophysical as well 
as magnetospheric contexts. 
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NON-THERMAL PROCESSES AND SUPERHOT PLASMA 

CREATION IN SOLAR FLARES 
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Abstract. We review new aspects of solar flare energy release and re
lated non-thermal/thermal processes revealed by the Hard X-ray Telescope 
(HXT) aboard Yohkoh. Hard X-ray imagery of impulsive solar flares with 
HXT has shown that the bulk of hard X-rays above 30 keY is emitted 
near the footpoints of a flaring magnetic loop by electrons accelerated near 
the top of the loop, manifesting itself most frequently as "double sources" 
located on both sides of a magnetic neutral line. Besides these "double 
footpoint sources", a third hard X-ray source, located above the top of the 
flaring loop visible in soft X-rays, was discovered in some impulsive flares 
near the solar limb. This discovery provides us with clear evidence that 
solar flare energy release takes place outside the closed loop, most likely 
via magnetic reconnection in an open magnetic field configuration. Obser
vations of superhot plasma creation with HXT are also briefly reviewed 
and their implication in the energy release and transfer in solar flares is 
discussed. 

1. Introduction 

During the impulsive phase of a solar flare, significant amount of the re
leased energy (say, up to rv 1/2) is converted into particle acceleration. At 
the same time, superhot plasmas with temperature exceeding 30 MK may 
be created. Since solar flare hard X-rays are emitted by collisions of highly 
energized electrons with ambient ions (Bremsstrahlung emission) and the 
emission is optically thin, the hard X-rays reflect these two processes (non
thermal and thermal) which operate following the energy release. Therefore, 
hard X-ray imagery of flares is one of the most powerful tools for investi-
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gating the energy release, particle acceleration, superhot plasma creation, 
and subsequent hard X-ray emission which take place during the course of 
a flare. 

The Yohkoh Hard X-ray Telescope (HXT; Kosugi et al., 1991) has ad
vanced characteristics relative to its predecessors (SMM HXIS and Hino
tori). (1) It can image solar flare hard X-ray sources simultaneously in four 
energy bands covering 14 - 93 keY (with energy boundaries of 14-23-33-53-
93 keY); it should be noted that the telescope takes images in the energy 
range above 30 ke V for the first time, and that the simultaneous imaging 
enables us to observe both non-thermal and thermal phenomena at one 
time. (2) The basic temporal resolution is 0.5 s which enables us to study 
rapid fluctuations of hard X-ray emissions. 

So far, HXT has observed more than 1,000 flares since the beginning 
of its routine observations in October 1991 (Kosugi et al., 1995). In this 
manuscript, we summarize the new observational findings with HXT of 
solar flare energy release and related non-thermal/thermal processes. 

2. Non-Thermal Processes 
- Energy release and particle acceleration 

2.1. EVIDENCE FOR ELECTRON PRECIPITATION 

One of the new findings with HXT is that the bulk of hard X-rays above 
30 keVin impulsive flares is emitted from the footpoints of flaring mag
netic loop( s) by electrons accelerated near the top of the loop. Sakao et al. 
(1996; see also Sakao, 1994) have revealed that hard X-ray sources most fre
quently show the double-source structure ('" 40 % of the events examined) 
in the energy range above 30 keY, while the remainer showing a single
or multiple-source structure. The double sources are located on both sides 
of a magnetic neutral line. In many cases, they are also located at both 
ends of a flaring loop seen with SXT (the Soft X-ray Telescope; Tsuneta et 
al., 1991) and/or the loop-like structure (possibly tracing the flaring loop) 
seen in low-energy (:s; 20 keY) hard X-rays (Kosugi et at., 1992; Hudson 
et al., 1994). Hence, it can be said that the observed double sources reflect 
fundamental characteristics of solar flare hard X-ray emission; at least in 
impulsive flares, the bulk of hard X-rays above 30 keY is emitted near the 
footpoints of a flaring loop. (Note that the double-source structure has been 
observed previously in a limited number of flares; see, e.g., Hoyng et al., 
1981.) 

Detailed temporal as well as spectral study of the double sources seen 
in seven impulsive flares (Sakao et al., 1996) has shown that (1) the double 
sources emit hard X-rays simultaneously to each other within a fraction of 
a second, (2) the brighter source of a double-source pair tends to be located 
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in the weaker photospheric magnetic field region regardless of its polarity, 
and that (3) the brighter source tends to have a harder spectrum than the 
darker one. 

Observational fact (1) strongly suggests that hard X-rays are emitted 
near the footpoints by accelerated electrons which stream down along the 
loop towards both ends and that the acceleration site is located near the 
top of the loop. No other candidate for the origin of hard X-rays (such as 
thermal conduction fronts or proton beams; Batchelor et at., 1985; Simnett, 
1995) seems to be able to explain the observed simultaneity if we consider 
a loop length of a few x 104 km inferred from the separation of the double 
footpoint sources (typically'" 20" or '" 1.5 X 104 km). 

Observations (2) and (3) can naturally be explained by the precipitation 
of energetic electrons towards the two footpoints. Accelerated electrons 
precipitating downwards to the footpoint with the stronger magnetic field 
(hence with the stronger field convergence) may undergo strong magnetic 
mirroring. Only a limited fraction of the electrons can reach deep in the 
corona or chromosphere where the bulk of hard X-rays are emitted, yielding 
a smaller amount of hard X-rays than the other footpoint. At the same time, 
because electrons cannot precipitate so deeply into the (darker) footpoint, 
hard X-ray emission from the darker footpoint may originate from a blend of 
thick- and thin-target processes due to the lower ambient plasma density at 
the emission site. On the other hand, at the brighter footpoint, precipitating 
electrons may not suffer a strong mirroring effect, emitting hard X-rays via 
thick-target interaction with the dense ambient plasma deep in the corona 
or chromosphere. As the thick-target process yields a harder spectrum than 
the thin-target process for the same spectrum of injected electrons (e.g., 
Hudson et at., 1978), the brighter footpoint shows a harder spectrum than 
the darker one. 

Thus, we conclude that, at least in impulsive solar flares, (a) the accel
eration site is located near the apex of a flaring loop, (b) the accelerated 
electrons precipitate towards both footpoints of the loop with preference to 
the footpoint with the weaker magnetic field convergence, and (c) emit the 
bulk of hard X-rays (above 30 keY) at the footpoints. 

2.2. ENERGY RELEASE SITE IN SOLAR FLARES 

The most important finding with HXT relevant to solar flare energy release 
is the discovery of an above-the-loop-top hard X-ray source. Through careful 
coalignment of hard X-ray images with soft X-ray images taken with SXT, 
Masuda (1994; see also Masuda et al., 1994, 1995) found that in impulsive 
flares occurring near the solar limb there may exist a blob-like hard X-ray 
source in the energy bands above 23 ke V located above the corresponding 



172 

Figure 1. Above-the-Ioop-top hard X-ray source observed in the 13 January, 1992 flare 
(17:27 UT) near the west limb. The solar north is to the top, east to the left. The solar 
limb is shown in the map. The field of view of the map covers 78" x 78". Contours: Hard 
X-ray sources in the M2-band (33-53 keY) of HXT. The contour levels are 18, 25, 35,50, 
and 71 % of the maximum brightness. Gray scale: The corresponding soft X-ray image 
taken with the Be filter of SXT. 

soft X-ray loop (in at least three out of ten events). Hard X-ray emissions 
from this source are weaker than those from the two footpoints by a factor 
of'" 5. A representative case is shown in figure 1 where we see the source lo
cated", 8,000 km above the soft X-ray flaring loop. The above-the-Ioop-top 
source emits hard X-rays impulsively, within the available temporal reso
lution (of several to ten seconds due to insufficient photon statistics). The 
source shows a relatively hard spectrum; if we assume a single-temperature 
thermal emission, temperature and emission measure of this source would 
be T '" 200 MK and EM '" 1044 - 1045 cm-3 , respectively. 

The discovery of the above-the-Ioop-top source is of crucial importance 
for understanding energy release in solar flares. Although it is widely be
lieved that energy released during a flare originates from the non-potential 
magnetic field (Sweet, 1969), how and where the magnetic energy is released 
has long been controversial. It is clear in figure 1 that a certain energetic 
process is taking place outside the closed loop visible in soft X-rays. Also, 
if we take into account the conclusion that the particle acceleration site 
is located near the apex of a flaring loop (as mentioned in section 2.1), it 
is conceivable that this process is directly related to the particle accelera
tion. Finaly, the existence of the above-the-Ioop-top source reminds us of 
a magnetic field configuration with a current sheet above a closed loop (or 
a system of loops) sandwiched by anti-parallel magnetic fields, in which 
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magnetic reconnection progresses. 

Such a magnetic field configuration ("loop-with-a-cusp" structure), orig
inally proposed for explaining Het two-ribbon events with Het filament erup
tion and solar wind breakthrough associated with flares (e.g., Hirayama, 
1974), has been observed in the soft X-ray corona with a large spatial scale 
(from f"V 105 km to over 106 km) involving long duration events (LDEs) and 
arcade formation (Tsuneta et ai., 1992a, 1992b). By showing that plasma 
temperature is the highest at the outer boundaries of the cusp and that 
the whole structure expands vertically as well as horizontally with time, 
Tsuneta et ai. (1992a) claimed that the loop-with-a-cusp structure can 
be regarded as evidence for magnetic reconnection. The existence of the 
above-the-Ioop-top hard X-ray source implies that such a magnetic field 
configuration and subsequent (X-type) field reconnection may also be re
sponsible at least in some impulsive flares with more violent energy release 
and on a smaller spatial scale than the soft X-ray events mentioned above. 
Following this discovery, Shibata et ai. (1995) have found faint soft X-ray 
ejecta (which remind us of filaments and/or sprays seen in Het events) dur
ing the impulsive phase in all the ten events studied by Masuda (1994). This 
observation may give more evidence for the "loop-with-a-cusp" structure 
with X-type magnetic reconnection being responsible for solar flare energy 
release. 

One should notice, however, that the luminosity of the above-the-loop
top source is unexpectedly large. Hard X-ray emitting electrons need be 
trapped in this source (or the ambient plasma density would be arbitrar
ily large (Wheatland and Melrose, 1995)); otherwise the source would not 
show a blob-like structure nor so bright as observed. As of this writing, lit
tle theoretical interpretation has been presented for explaining this source 
(e.g., Hudson and Ryan, 1995). 

3. Superhot Plasma Creation in Solar Flares 

So far we have concentrated on non-thermal aspects of solar flares. However, 
it should be recognized that thermal plasmas, together with non-thermal 
particles, represent in a non-negligible part of flare energetics (see, e.g., Wu 
et ai., 1986). The Yohkoh HXT also reveals some fundamental aspects of 
thermal processes in solar flares. 

Masuda (1994) noticed that later in the impulsive as well as in the 
gradual phases of a flare, there always appears a hard X-ray source (S; 30 
keY) with a soft spectrum located at the apex of the soft X-ray flaring 
loop in all of the ten limb flares he examined. Hard X-rays from this source 
show gradual temporal variations (hence the source is called the "loop-top 
gradual source") and are well characterized by thermal emission from a 
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Figure 2. Superhot plasmas seen in the 13 January, 1992 flare. Contours: Hard X-ray 
sources in the L-band (14-23 ke V) of HXT. The contour levels and the size of the field 
of view of each map are the same as those in figure 1. Gray scale: The corresponding 
soft X-ray images taken with the Be filter of SXT. At the time of the first HXT image 
(17:25:48-17:26:04 UT), the corresponding SXT image was not available. Solar north is 
to the top, east to the left. 

high-temperature plasma with T f'.J 20 - 40 MK and EM f'.J 1046 - 1049 

cm-3 (electron density typically f'.J 1010 cm-3 ). 

Figure 2 shows hard X-ray sources in the L-band seen in the 13 January, 
1992 flare. During the impulsive phase, the L-band source shows a loop-like 
structure tracing the flaring loop visible in soft X-rays. This may indicate 
emission from a thermal plasma filling the loop, possibly evaporated from 
the chromosphere due to the electron bombardment. On the other hand, 
after 17:29 UT (i.e., after the peak of hard X-ray emission), the bulk of 
hard X-rays is concentrated near the loop top, above the brightest portion 
of the corresponding soft X-ray loop. We speculate that such a structural 
change indicates that some physical parameters in or above the flaring loop 
have changed, which made (direct) plasma heating near the loop top more 
effective than particle acceleration. 

Another interesting example: in the 6 February, 1992 flare, M2-band 
HXT images indicate that a superhot plasma (T ;:::: 40 MK) is located at 
the apex of the flaring loop, without accompanying significant hard X-ray 
emission from the footpoints (see figure 2 of Kosugi et al., 1994). The su
perhot plasma gradually expands towards the footpoints, most likely due 
to thermal conduction. Kosugi et al. (1994) argued that, unlike normal 
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impulsive flares where the primary product of the energy release is ac
celerated particles, the flare energy released near the loop top is mainly 
consumed in direct heating of the plasma there. They also suggested that 
the plasma density inside the flare loop is responsible for the efficiencies 
of thermal/non-thermal processes. It is worthwhile mentioning that the 
superhot plasma of this flare, visible in hard X-rays, in fact shows the high
est emission measure of rv 1049 cm -3. This corresponds to a large plasma 
density of rv 1011 cm-3 , among the ten aforementioned limb flares. 

From these examples, we suggest that at least a part of superhot plasmas 
at the loop top (manifesting itself as a "loop-top gradual source") is a 
product of direct heating caused by the energy release near the loop top 
and that such a heating process occurs simultaneously with non-thermal 
particle acceleration. Further studies on this issue is now under way. 

4. Concluding Remarks 

We have presented two new observations with Yohkoh HXT which directly 
address the energy release and acceleration/propagation of energetic elec
trons in impulsive solar flares (i.e., non-thermal processes). HXT also pro
vides observations of superhot plasma creation with clear spatial informa
tion with respect to the flare structure. Little attempt has been made in 
this manuscript to discuss possible relationships between the non-thermal 
and thermal processes which may take place simultaneously, near the loop 
top, during the course of a flare. It is of crucial importance to understand 
such non-thermal/thermal processes in a single context, which may pro
vide us with a unified view on the roles of the two (apparently different) 
processes and on their energetics in solar flares. 
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1. Introduction 

Mass motions of material are seen in many wavelength and at many dif
ferent layers of the solar atmosphere during flares. In this paper we try to 
summarize observations of mass motions in the corona made in soft X-rays 
by crystal spectrometers on the SMM, P78-1, Hinotori and Yohkoh space
craft. Such observations are key to our understanding of energy release and 
of what is happening to the hot plasma during a flare. 

We will consider two categories of mass motions seen in the soft X-ray 
spectral lines: a) the blueshifted component, and b) line broadening. 

2. Blueshifted Component 

At the onset of some flares, an excess emission is seen on the blue (short
wavelength) side of soft X-ray emission lines such as those of helium-like 
ions of Ca XIX and Fe XXV. The emission is from Doppler shifted material 
that is moving towards the observer in what appears to be directed motion 
- it is seen at a time that is closely related to emission in hard X-rays. 
The material is thought to be flowing from the chromosphere up into the 
corona and the bluewing is considered to be the signature of Chromospheric 
Evaporation resulting from precipitating energetic electrons. 

In this section, in an attempt to better characterize the blue component, 
we discuss the velocity, timing, location, temperature dependence of the 
component, and also look at the momentum balance of the component 
with material observed at other wavelengths. 
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2.1. VELOCITY OF THE BLUESHIFTED COMPONENT 

The velocity range of the blueshifted component varies considerably from 
flare to flare. In some flares the range is only few tens of km/s, while in 
others it is several hundred. The maximum velocity does not appear to be 
sensitive to the magnitude of the peak hard X-ray flux (Le. total energy 
of the precipitating energetic electrons). There is usually a rest component 
present at flare onset, but in a few flares only the blueshifted component is 
seen. This is seen to "decelerate" to rest position during impulsive phase. 
Very rarely, the blue component is completely separate from the rest com
ponent (Bentley et ai., 1986). 

The material that produces the blueshifted component is thought to be 
flowing up the legs of flaring loops within the corona. Since the loop legs 
should normally be radial to the solar surface, loops that are located near 
the solar limb would not be expected to present a velocity component to 
the observer and only small blueshifts should be measured. Such a centre
to-limb (cosine) variation in the size of the blueshifted component is in fact 
observed and is demonstrated for Yohkoh BeS observations in the survey 
paper of Mariska et ai. (1993). By assuming that the leg ofthe loop is radial 
to the surface, the absolute velocity of the component can be determined 
by multiplying the observed velocity by the cosine of the angle from Sun 
centre. 

Velocities quoted for the blue component are determined by model de
pendent codes - a technique that fits two Gaussian components is most 
frequently used (e.g. Antonucci et ai., 1982; Fludra et ai., 1989). How
ever, as the flare progresses there are inherent uncertainties in determining 
what proportion of the signal should be attributed to the moving and rest 
components, particularly when the blue shifted component is of very low 
amplitude. There have been various attempt to improve the fitting pro
cedures, e.g. by fitting three components (Antonucci et ai., 1990), or by 
coupling the blue and rest components together in some way (Fludra et ai., 
1989). However, the basic difficulty remains that such techniques poorly de
scribe the problem since the blue component clearly consists of more than 
a simple Gaussian distribution of velocities. The different methods lead to 
different conclusions about the size and evolution of the blueshifted and 
rest components. When the second (blue) component should be "switched 
off" later in the flare presents a particular difficulty. 

It is hoped that a new approach, called Velocity Differential Emission 
Measure (VDEM; Newton et ai., 1995), will go some way in helping to 
resolve the problem of characterizing the velocities of the blueshifted com
ponent. 
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2.2. TIMING OF THE BLUE COMPONENT 

Whether the hard X-rays peak before the soft X-ray bluewing has been 
a matter of controversy. Not all investigators have agreed on the timing 
(e.g. Bentley et ai., 1994, Doschek et ai., 1993; Cheng et ai., 1994; Plunkett 
et ai., 1994), but views are converging. Bentley et ai. (1994) find that the 
principal blue component peaks almost the same time or shortly after a 
hard X-ray burst. The burst is not necessarily the largest hard X-ray spike 
in an event, but it is usually the first significant one. 

Differences in the conclusions reported by investigators may have arisen 
because of the analysis techniques used. In some cases, the intensity of the 
blue-shifted component is divided by that of the resonance line intensity 
in the same spectrum. While this helps "normalize" two intensities with 
respect to each other, the intensity of resultant quantity is very dependent 
on the rate of increase of the resonance line - for a blue component of fixed 
size, the time that the divided quantity appears to peak will occur earlier 
if the resonance peak rises more quickly (i.e. the peak appears time-shifted 
earlier for more rapidly rising flares). 

In addition, there appears to an obsession that the largest hard X-ray 
peak will produce the largest blueshift. Since this is not always the case, and 
in fact the blue-wing appears to result from the first significant spike in an 
event, blueshifts have been erroneously perceived to peak before the hard 
X-rays. Occasionally, weak blue-wing emission is seen before the onset of 
the impulsive phase. However, this is of very low intensity compared to the 
main blueshifted component and appears to be associated with low-level 
hard X-ray activity. 

Winglee et ai. (1991) have studied the interrelationship between hard 
and soft X-rays. For all flares they show that the hard X-rays have a power
law spectrum that breaks down during the rise phase. They also find that 
the peak blueshift occurs is when the (downward) break in hard X-ray 
power-law spectrum vanishes. 

At some point, the blue component ceases although the hard X-ray 
emission has not always finished. Why this happens is not clear, some in
vestigators suggest that the loop has filled to capacity, while Winglee et ai. 
think it is caused by the disappearance of driving electric field. 

(Savy, 1995) reports that in some simple cases, the blue component 
follows a similar time profile to the hard X-ray flux. 

2.3. LOCATION OF THE UPFLOWS 

Because crystal spectrometers flown up to now have not been capable of 
imaging, the exact location of the upflow cannot be determined from their 
observations. For instance, from the Yohkoh BeS it is only possible to 
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roughly tie the source to a flare site. However, from other observations it 
is possible to draw more definite conclusions about where the upflow is 
occurring. 

The centre-to-limb variation in the size of the blueshifted component 
suggests material is moving within a loop and occasionally loops are ob
served to be "filling" in SXT images. However, loops in which this can have 
a large blueshifted component and it is the less obvious loops (viewed from 
above) that may be more easily identified with upflows. 

A comparison of the pixel light curves from SXT with the time evolution 
of the blue-wing seen in BCS is a good way to identify the site of the 
blueshifted component - if a comparison is also made with the hard X-ray 
time profile, additional information may be derived (Savy, 1994??; Strong et 
ai., 1994). When making such comparisons, care must be ta~en in deciding 
exactly what area in the SXT image should be included. Depending on 
how areas are selected in the SXT image, if a source moves or grows so 
that it extends out of the selected area, the time evolution as plotted can 
be affected. Taking the whole flare will usually give a better match with 
HXT and BCS. In some simple flares, the hard X-ray flux time profile 
matches the lightcurve of the Ca XIX blue-wing and the time derivative of 
the SXT fluxes (Savy, 1995) 

2.4. TEMPERATURE DEPENDENCE OF THE BLUE COMPONENT 

The maximum velocity of the blueshifted component is different for spectral 
lines formed at different temperatures. It is generally observed that soft 
X-ray lines formed at high temperature show larger blueshifts than lines 
formed at lower temperatures (Antonucci et ai., 1990). Zarro (1993) studied 
S XV and a comparison of the velocities observed with those of Ca XIX 
and Fe XXV is given in Table 1. 

TABLE 1. Temperature dependence of the blueshifted 
component 

Ion Peak Temperature Maximum Velocity 

Fe XXV 50 MK ~800 km s-1 

Ca XIX 30 MK ~500 km s-1 

S XV 15 MK ~200 km S-1 

The velocity-temperature relationship suggests a link between plasma 
upfiow motions (implied by the blueshifts) and plasma heating that is oc
curring in flares. 
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Fludra et ai. (1989) report that the mean temperatures of the moving 
and stationary plasmas agree although at the onset of the rise phase, the 
temperature of the upflowing plasma may be higher. They conclude that 
this implies that the flare energy deposited lower in the loop, rather than 
at the top. 

2.5. MOMENTUM BALANCE OF COMPONENTS 

In some flares, the momentum ofthe upflow (blueshift) seen in soft X-rays 
closely matches the downflow (redshift) seen in Ho: (Canfield et ai., 1990). 
For example, for the flare at 22:35 UT on November 15, 1991, the balance 
derived by Wulser et al. (1994) are shown in Table 2. 

TABLE 2. Momentum Balance in Flare of 15 November, 
1991 

Velocity Component 

Total Ha downflow momentum 
U pflow momentum in Ca XIX 

Derived Momentum 

3.6 1021 gm cm 8-1 

2.9 1021 gm cm 8-1 

For a simple, compact flare these figures provide interesting information, 
but for very extended, complex flares such calculations must be viewed with 
caution. The Ca XIX channel from the Yohkoh BCS is integrated over whole 
flare, while the Ho: downflows are measured at discrete sites. In extended 
sources we cannot therefore be certain the the two momenta should be 
balanced against each other. 

In some Ho: downfiows are observed in areas that do not correspond to 
where the intense hard X-ray signal is observed. If we believed that hard 
X-rays are a signature related in some way to the soft X-ray upfiows, the 
momenta cannot be balanced in these circumstances. 

However, in the example above Wulser et ai. give compelling arguments 
why the two velocity components are in fact related. 

3. Line Broadening 

At the onset of many flares, the line-widths of soft X-ray emission lines are 
in excess of what is expected from by atomic theory. The line-broadening is 
thought to be non-thermal in origin and is probably caused by non-directed 
mass motions, or turbulence, in the flare region. 

We will look at the timing, and location of the source of line broadening. 
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3.1. TIMING OF LINE BROADENING 

Line broadening is greatest near flare onset and is typically observed in 
time correlation with hard X-ray emission (Tanaka et aZ., 1982 Bentley et 
aZ., 1994). The turbulence usually continues as long as the hard X-rays are 
present and it has normally disappeared by the peak of the flare, although 
there have been reports of turbulence detected in decay phase (e.g. Fludra 
et aZ., 1989). 

The coincidence in timing suggests that the non-thermal broadening are 
a direct consequence of the same process that produces the hard X-rays. 

3.2. LOCATION OF SOURCE OF LINE BROADENING 

Unlike the blueshifted component, the non-thermal line broadening (Vt = 
100 N 200 km S-l) does not vary across the disk (Saba et aZ., 1986; Mariska 
et aZ., 1993). This suggests that it is not directed in nature, but rather 
consists of many randomly oriented components. 

The broadening is thought to be closely related with energy release (An
tonucci et aZ., 1982), and energy release is normally indicated by impulsive 
hard X-rays (Winglee et aZ., 1991). From flare observations in hard X-rays 
by the Yohkoh HXT, energy is normally released at the loop footpoints, 
but in some events Masuda et aZ. (1994) also found a hard X-ray source 
at the top of the loop. Whereas the footpoint release site is thought to 
be where precipitating energetic electrons are impacting the chromosphere, 
Masuda et al. suggest that the loop-top site is caused by shocks resulting 
from magnetic reconnection. 

Two teams ofYohkoh investigators have recently studied line-broadening 
by looking at flares on the limb. 

Khan et aZ. (1995) examined four flares over an 11 hour period as an ac
tive region rotated over the limb - in all flares the footpoints were obscured 
by the solar limb. They report that several spectral characteristics, includ
ing non-thermal broadening, are virtually indistinguishable no matter how 
much of the lower parts of the loop is obscured. They conclude that the 
broadening is either independent of height, or the source is placed near the 
loop top, and that the energy release driving flares is therefore sited in the 
corona. 

Mariska et aZ. (1995) looked at eight flares from different active regions 
near or beyond the solar limb. In four of the flares, the footpoints (as 
observed by HXT) were occulted, while in the other four they were clearly 
visible. They report that the peak non-thermal velocities are less if the 
footpoints are obscured. Also, they find that observed hard X-ray emission 
is softer when footpoints are obscured. 
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There are many different models that try to explain non-thermal broad
ening and observations clearly important in deciding the validity of each 
model. Mariska et ai. seem to be consistent with the model of Alexander 
et ai. (1990) which predicts a variation with occulted height, but Khan are 
not inconsistent with other theories. 

4. Conclusions 

Observations from Yohkoh are providing a new insight as to the nature 
of the blueshifted component and line broadening seen in soft X-rays. For 
the first time, the enhanced spatial and temporal resolution of the Yohkoh 
instruments are allowing us to determine where and how the material that 
form the blue-wing originates, and where the turbulence is located. 

Similarities between the time profiles of the hard X-ray burst, and the 
soft X-ray blue-wing and non-thermal broadening indicate that the pro
cesses that cause the phenomena are linked. More work needs to be done 
on non-thermal broadening, but interesting things are already beginning to 
emerge. 

Much of what has been discussed here has concerned the signatures 
of mass motion in soft X-rays, and hence the corona. Although it is well 
known that such motions occur at other wavelengths and other layers of 
the atmosphere, this is beyond the scope of this paper. While we should not 
view coronal phenomena in isolation, in many cases we do not know how to 
relate them to phenomena seen in different layers of the atmosphere. It is 
hoped that the Solar-B mission may go some way to making this possible. 
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ENERGY BUILD-UP PROCESSES OF SOLAR FLARES 

STUDIED BY OPTICAL OBSERVATIONS 
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Kamitakara, Gi/'U 506-13, Japan 

Abstract. 
The flare energy build-up processes, or the processes of the magnetic 

shear development are studied in detail by analyzing the high resolution HG' 
pictures of a rapidly-evoluving and flare-productive active region NOAA 
6233. From the analysis, it is tentatively concluded that the flare energy 
is already stored in a twisted magnetic flux rope which is formed in the 
convection zone, and that the successive emergence of the twisted rope 
develops strong magnetic shear configuration and strong flare activity on 
the solar surface. 

1. Introduction 

The most important task assigned to the optical observation in the flare 
study is to study the flare energy build-up process, because the flare energy 
is stored in the solar magnetic field, which is supplied to the corona through 
the photosphere from the convection zone. For the study of the flare energy 
build-up process, it is essential to examine which type of magnetic field 
configuration in a sunspot region produces strong flare activity, and how it is 
formed. This paper, therefore, summarizes our recent studies of evolutional 
and morphological characteristics of flare-productive active regions by using 
high resolution HG' images. 

Many previous optical observations showed that the strong flare activity 
occurs selectively along the strong magnetic shear region (Zirin and Tanaka 
1973, Hagyard et al. 1984), and there is no longer any doubt that magnetic 
shear is the most important necessary condition for the occurrence of a 
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strong fl·are. An essential question for the study of the flare energy build-up 
process is, therefore, how does the magnetic shear develop? 

Two types of processes for the development of magnetic shear were 
found in our previous paper (Kurokawa 1987): (A) collision of two sunspots 
of opposite magnetic polarities and (B) successive emergence of twisted 
magnetic flux ropes. These two processes are examined here in more detail 
in a typical example of flare-productive active region NOAA 6233, in which 
five magnetic shear neutral lines developed from 26 through 31 August, 
1990. We show that process (B) is more effective for the energy build-up of 
strong flares. 

2. Ha Fine Structures as Tracers of Chromospheric Magnetic 
Field 

The observational data mainly used in this analysis are high resolution Ha 
images obtained with the 60 cm Domeless Solar Telescope at Hida Obser
vatory of Kyoto University. Longitudinal magnetograms observed with the 
Okayama magnetograph of National Astronomical Observatory of Japan 
are also used to determine the magnetic neutral lines in the active region. 

The frozen-in condition is considered to be satisfied in the solar atmo
sphere (Alfven and Fiilthammar 1963). Many observations show that Ha 
dark fibrils and threads stream in a direction connecting opposite magnetic 
polarities from the comparison between Ha fine structures and the pho
tospheric magnetograms (Foukal 1971, Kawakami et al. 1989). The high 
resolution Ha filtergram observation, therefore, provides us with the most 
useful information on the evolutional changes of magnetic field configu
ration from the photosphere through the lower corona by means of the 
following basic rules. 

(1) Ha dark and elongated features such as fibrils, threads, filaments, 
and superpenumbra fibrils give the direction of the transverse magnetic field 
(Foukal1971, Kawakami et al. 1989). The term "thread "or "chromospheric 
thread"is used here for an Ha dark thin loop whose legs land both on the 
edges of Ha plagettes. When only one end of a dark loop is found to be 
associated with the plagette, we call it a "fibril"(Foukal 1970). 

(2) Magnetic field lines are neady vertical to the solar surface in the 
center of sunspot umbra and Ha plage. 

(3) Ha threads and arch filament system (AFS) loops connect opposite 
magnetic polarities. 

(4) An Ha arch filament system (AFS) is a clear sign of the emergence 
of a new bipolar magnetic region. 

(5) An Ha filament (prominence) lies along the magnetic neutral line 
or the polarity boundary line, and consists of multiple thin fibrils whose 
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directions are nearly parallel to the filament. This means that the formation 
of a filament is an indication of the development of the magnetic shear. 

(6) The spatial resolution of the best HO' images is about one order of 
magnitude better than that of the currently available best vector magne
tograms, and they can show twisted fine structures and their changes along 
threads, AFS loops and filaments (Kurokawa 1991). 

3. Development of Magnetic Shear in NOAA 6233 

Figures 1 and 2 demonstrate the evolution of the active region NOAA 6233 
and magnetic shear developments in it from 25 August through 2 Septem
ber, 1990. The left row of the pictures shows the sunspot growth and decay 
in HO'-5.0 A, the right row, the evolution of the transverse magnetic field 
in HO' line center. Sunspots PA and PB, which have the preceding magnetic 
polarity, already existed in the region when it rotated onto the north-east 
visible hemisphere. New bundles of magnetic flux tubes, whose cross sec
tions at the photosphere are many sunspots, successively emerged from 24 
through 30 August. The several bipolar sunspot pairs, which were found to 
be connected by HO' AFS loops at their emerging stages, are named PI-It, 
P2-12, etc. in figures 1 and 2. The magnetic polarities of these sunspots were 
determined by Okayama magnetograms. Almost all p-polarity sunspots ex
cept Ps finally merged into PI to form a single large p-sunspot as seen in the 
picrure of 2 September. On the other hand, all f-polarity sunspots collided 
or interacted with PA, PB or Ps, and developed magnetic shear or were can
celled with them. Five neutral lines or polarity boundaries are examined in 
details to study the developing process of magnetic shear and flare activity 
in the following. 

3.1. CANCELLATION BETWEEN PA AND FI-F2-F3 SUNSPOTS 

When It sunspot approached and collided with PA, some magnetic shear 
developed between them from 25 through 27 August as seen in the sheared 
penumbra and HO' filaments running along the neutral line. Between 08 
UT and 22 UT of 27 August, however, the magnetic shear disappeared and 
instead the short penumbral and HO' threads directly connected It -12 and 
PA as seen in the pictures of 2247 UT, 27 August and 23 UT, 28 August. 
The reason of this relaxation of the magnetic shear is not dear, because we 
do not have any data between 08UT and 22 UT of 27 August. It may have 
some connection to the X3 flare of 2100 UT, 27 August, which occurred in 
the neighborhood of the neutral line. 

After the diasppearance of the magnetic shear, the cancellation of differ
ent magnetic polarities in the sunspots PA and It-12-fa rapidly progressed. 
Notice the rapid decrease of these sunspot areas from 28 through 30 Au-
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gust. On 2 September these sunspots have nearly been cancelled out. It is 
noteworthy that no flare activity was found during this cancellation. 

3.2. MAGNETIC SHEAR BETWEEN F2 AND PB 

New magnetic flux continued to emerge on 27 August in the same direction 
as the Pl-h· The new bipolar regions are marked P2-hand P3- /3 in figures 1 
and 2. The sunspots hand /3 merged into h and they successively collided 
with and were cancelled by PA. 

Most noticeable in the evolution of the NOAA 6233 region is a drastic 
change of magnetic field configuration or a rapid development of strong 
magnetic shear found between PB and h around the end of 27 August; 
while some HO' dark loops are seen to connect PB and h (figure 1) in 
the pictures of 0120 UT and 0755 UT of 27 August, new HO' AFS loops 
are found to be emerging along the magnetic neutral line between PB and 
h in the picture of 2247 UT 27 August. It means that the direction of 
the magnetic lines of force changed by nearly 90 degrees between PB and 
h during less than 14 hours. Such a drastic change of the direction of 
the strong magnetic field, or a strong magnetic shear, was caused by the 
emergence of the new bipolar magnetic flux Ps-/s along the neutral line 
between PB and h. This type of magnetic shear development is classified 
as type B (Kurokawa 1987). 

Even after the X3 flare of 2100 UT 27 August, the active emergence of 
the new magnetic flux Ps-/s continued till late on 28 August and further 
developed the magnetic shear. Notice the sunspot growth along Ps-/s in 
the pictures of 224727 UT 27 August and 234247 UT 28 August as well 
as conspicuous HO' AFS loops emerging between Ps and /s in the picture 
of 234534 UT 28 August. This additional development of magnetic shear 
caused five M-class and two C-class flares during 28 August. Wang (1992) 
studied the evolution of vector magnetic fields in this region, and concluded 
that the magnetic shear of this area was built-up by the photospheric flow 
motion. Our study, however, clearly shows that the motive power for the 
magnetic shear development in this area is not the photosperic flow but 
the emergence of a new bipolar magnetic flux. The emerging magnetic flux 
produced the photospheric flow motion found by Wang (1992). 

Our result demonstrated above can easily explain the magnetic shear 
increase associated with the X-class flares found by Wang et al (1994). The 
successive emergence of a twisted flux rope can develop the magnetic shear 
even after the occurrence of an X-class flare. 
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8/25 071505 8/25 071322 

8/26 050937 8/26 050606 

224727 8/27 224743 

Figure 1. Development of magnetic shear in NOAA 6233 from 25 through 27 August, 
1990. The left row shows the sunspot growth in Her-5 .0A, and the right row, the Her 
transverse magnetic fields in Her line center. The PA and PB are preexisting sunspots, 
and PI-ft, P2-/2, etc. are newly-emerging bipolar regions . 
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Figure 2. Continued from figure 1. Development of magnetic shear and cancellation of 
sunspots in NOAA 6233 from 28 August through 2 September, 1990. The left row shows 
the sunspot growth and decay in Ha-5.0A, and the right row, the Ha transverse magnetic 
fields in Ha line center. Notice the cancellation between PA and h-h and the magnetic 
shear developments between P B and is· 
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Figure 9. Schematic drl\wing of an emerging magnetic flux rope including P2p3-hb, 
/f-P3 and P4- J4 branches. The emergence of the twisted flux branch J4-P3 developed the 
magnetic shear between J4 and P3. 

3.3. MAGNETIC SHEAR BETWEEN F4 AND P2-P3 

Another rapid development of magnetic shear between 14 and P2-P3 is also 
remarkable during 27 August. Notice the rapid growth of sunspots P2, P3 
and /4 and the associated development of sheared Ha filament between /4 
and P2-P3, comparing the pictures of 01 UT and 22 UT of 27 August. There 
may be two possible explanations of the magnetic shear development of 
this area: One is the collision of the growing sunspots of opposite magnetic 
polarities. The other is the emergence of a twisted magnetic flux rope. In 
the former scenario, the sunspots P2-P3 and /4 are not originally connected 
below the photosphere, but they meet and reconnect with each other above 
the photosphere, and the opposite proper motion or shear motion between 
them develops the magnetic shear. In the latter scenario, /4 and P3 are 
originally connected by a branch of twisted magnetic flux rope below 
the photosphere. In the course of the emergence of a main trunk of flux 
rope including P2-12, P3- /3 and P4- /4 branches, the twisted branch /4-P3 
also emerges and the magnetic shear develops between them. A schematic 
drawing of the emerging twisted /4-P3 branch is shown with P2P3-h/3 and 
P4-14 branches in figure 3. We tentatively conclude that the latter scenario is 
real for this case, because the magnetic shear developed simultaneously with 
the rapid growth of /4 and P3 sunspots. Notice, in the picture of 2247 UT 
27 August (figure 1), the conspicuous development of sheared penumbral 
filaments connecting /4 and P3, which corresponds to the emerging twisted 
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flux loops. 

3.4. MAGNETIC SHEAR BETWEEN PB AND Fs 

In the picture of 224727 UT 27 August (figure 1), when the following spot 
/s of the newly-emerging pair Ps-/s just began to contact the PB sunspot, 
the penumbral filaments of PB are still radially oriented. At 234247 UT 28 
August (figure 2), however, the southern part of the penumbra of PB has 
already reconnected to the intruding /s sunspots with sheared penumbral 
and Ha thin structures. They formed a sheared 8-type sunspot, but it was 
fairly stable and only produced several small flares. 

3.5. MAGNETIC SHEAR AT THE EAST BOUNDARY OF Fs 

The Ps- /s sunspots continuously grew till the end of 30 August, and Ha 
boundary filaments were formed at the east of the /s sunspots as seen in 
the picture of 234534 UT 28 August (figure 2) by the reconnection between 
the growing /s and the preexisting old p-polarity magnetic field. The sev
eral boundary filaments merged into a strongly-sheared filament from 29 
through 30 August, when the /s further grew and intruded. Several small 
flares occurred along the filament. 

4. Summary and Conclusion 

A rapidly-evolving and flare-productive active region NOAA 6233 was stud
ied in detail by using high resolution Ha pictures obtained with the 60 cm 
Domeless Solar Telescope at Hida Observatory, Kyoto University. 

Magnetic shear developments were found along five magnetic neutral 
lines or polarity boundary lines in the NOAA 6233 region from 26 through 
31 August, and their developing processes were carefully examined. The two 
types of processes found in our previous work (Kurokawa 1987) were again 
confirmed. The magnetic shears along the two regions between PB and h 
and between /4 and P3 were found to develop by the successive emergence 
of twisted branches of magnetic flux ropes. The other three magnetic shears 
between PA and It, between PB and /s, and at the east end of /s were found 
to develop by the collision and reconnection between the opposite magnetic 
polarities. The former process of the magnetic shear development matches 
type B, and the latter type A of Kurokawa (1987) respectively. 

Main flare activity including one X-class and six M-class occurred from 
late on 27 August through 29 August at the P B-hand /4-P3 regions where 
the magnetic shear rapidly developed by the process of type B. This con
clusion agrees with our previous works (Kurokawa 1987, 1989, 1992, 1994). 
Wang (1992) also studied the magnetic shear in the same region as our 
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PB-12, but he concluded that the magnetic shear was built-up by the pho
tospheric flow motion. He failed to correctly notice the active emergence of 
the new magnetic flux PS- /s between PB and h. Our study clearly shows 
that the new flux Ps- /s produced the photospheric flow motion as well as 
the magnetic shear. In addition, the magnetic shear increase after the X3 
flare of 2100 UT found by Wang et al. (1994) is easily explained by the 
continuous emergence of Ps- /s flux. Our result indicates that the successive 
emergence of a twisted flux rope can develop magnetic shear even after the 
occurrence of an X-class flare. 

We tentatively conclude that the flare energy is already stored in a 
twisted magnetic flux rope which is formed in the convection zone, and 
that the successive emergence of the twisted rope develops strong magnetic 
shear and produces strong flare activity. This conclusion is compatible with 
the results of Tanaka(1991) and Leka et al.(1996). 

It is still completely unknown, however, what triggers the explosive re
lease of energy stored in the twisted magnetic loops. We need more obser
vations of much higher spatial res.olution simultaneously with optical and 
soft X-ray instruments to answer this exciting question. 
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HIGH-QUALITY IMAGES BASED ON THE STEER 

ALGORITHM DECOVOLUTION FROM THE CORRELATION 

DATA OBSERVED WITH NOBEYAMA RADIOHELIOGRAPH 

SHINZO ENOME 

Nobeyama Radio Observatory, NAOJ 
Minamimaki, Minamisaku, Nagano 384-13, Japan 

Abstract. After the Makuhari meeting ofIAU Colloquium 153 remarkable 
developments have been made at Nobeyama on high-quality imaging, which 
applies the Steer algorithm for deconvolution. Considering the importance 
of this achievement, it is briefly introduced in this report with farther appli
cation to a high-resolution narrow field mapping. Some preliminary results 
are presented for both cases as well as dual- frequency images at 17 and 34 
GHz. 

1. Introduction 

Everyone knows that if there is a lens, it will produce an image behind 
it for the scenery in front of it at the focal plane . But it is not a simple 
common sense, even of physicists or astronomers, why a lens produces an 
image. If we look into a standard text book on optics, for example one by 
Born and Wolf 1970), it is written, after many pages of preparation and 
introduction, that a lens is physically equivalent to a real-time and analog 
correlator and a Fourier transformer. A simple application of this theorem 
to obtain the point spread function of a circular aperture is a well-known 
Bessel function of O-th order. 

Radioastronomers have long been using, in principle, this theorem to 
synthesize radio images of heavenly bodies (e.g. Ryle, 1954?). It is now very 
clear that digital correlators and fast computer are fundamental tools for 
radio telescopes or radio interferometers to obtain images efficiently. As eas
ily understood, apertures of multi-element interferometers are often sparse, 
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and, hence, their point spread functions or beam patterns are associated 
with high side-lobe levels. calibration, therefore, is a very important proce
dure to estimate the beam pattern as accurate as possible. This procedure 
will correspond to grinding the lens surfaces as accurate as 1/16 lambda 
in optics. To observe heavenly bodies with high side-lobe-level beams is in
evitable in radio astronomy, and this characterizes the peculiarity of radio 
astronomy observations. Probably this situation will never occur in optical 
telescopes. This peculiarity produced a unique field in image processing in 
radio astronomy of CLEAN (Hoegbom, 1974). The original CLEAN algo
rithm of deconvolution of assumes the observed image as an assemble of 
point sources. This algorithm has been very effective, when it was proposed, 
since the spatial resolution of then-available interferometers were low and 
the assumption of point source assembly was well satisfied. As spatial res
olutions and sensitivities increased, this simple assumption was found not 
effective for diffuse and halo-type extended sources. Deconvolution ofthese 
extended source with the standard CLEAN algorithm will be deteriorated 
by "stripes" or "corrugation" from side-lobe effect (Steer et al., 1984). A 
number of "modified" CLEAN algorithms (Cornwell, 1983, Schwab, 1984, 
Steer et al., 1984) has been proposed to avoid or reduce instability of these 
"strips" or "corrugations", among which we have found the deconvolution 
with the Steer algorithm CLEAN is most promising for radio images of the 
Sun with the Nobeyama Radioheliograph (Koshiishi, 1996). 

2. Processing of Correlation Data 

The fundamental idea in the Steer algorithm to estimate components of 
images in the relevant dirty map or the residual map is to introduce a new 
concept of "trim contour", which corresponds to a level surrounding the 
peak at some fraction of the peak level and slightly higher than the largest 
side-lobe level. If we specify a trim contour for a dirty map or for a residual 
map, we can draw a contour or a feature surrounding the peak, which will 
cut out a component feature of the relevant image. This algorithm has been 
tested in numerical simulations (Steer et al., 1984). 

Koshiishi (1996) has applied the Steer algorithm to CLEAN dirty maps 
synthesized from the correlations observed with the Nobeyama Radiohelio
graph. It has been found that the CLEAN criterion can be reduced as low 
as three times sigma of the noise level on the images, of which the major 
component is due to the receiver noise. This criterion is about ten times 
lower than the current value, which means we can obtain images with 1000 
K noise level for the quiet Sun brightness of about 10,000 K, and faint 
and extended structures are well reproduced in the new images. This new 
method will be applied to all the correlation data obtained so far in three 
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years, which will enhance development of studies of quiet features around 
polar regions, in and around active regions, and faint discrete features such 
as polar holes, bright points, dark filaments etc. 

A number of preliminary steps of data processing has been taken be
fore he attain this performance. Details have been described in Koshiishi's 
doctoral thesis (Koshiishi, 1996). These include accurate alignment of the 
solar disk, evaluation of rms noise level, adoption of CLEAN BOX and 
unCLEAN BOX etc. 

With this new Deep-CLEAN method Koshiishi has confirmed polar-cap 
brightenings on both poles outside of 0.9 solar radii with extended structure 
of 1000 K and patchy structures of 2000 K. He has also found a plateau 
structure elongates toward middle or equatorial latitude with 500 K above 
the average disk temperature. This plateaus in some case associate with a 
soft X-ray low-brightness channel or coronal hole, and in other case does 
not. Evolution of the polar-cap brightenings is examined with respect to 
solar cycle (Koshiishi, 1996). 

Fujiki (1996) has been working on 16d high-resolution narrow field imag
ing, which uses spatial Fourier components of higher harmonics of 16d com
ponents, where d denotes the fundamental spacing of 86.6459 lambda, which 
corresponds to 40 arcminute of the interferometer field of view and, there
fore, the 16d narrow field to 2.5 arcminute. This imaging naturally involves 
contamination of the image due to aliasings from outside the relevant field 
of view, but on the other hand it attains a higher resolution up to 10 arcsec, 
whereas in the case of wide field imaging the nominal resolution is 15 to 
20 arcsec. It is, therefore, suitable and recommended for the mapping of 
flaring sources, where very high brightness will be expected. The concept 
of CLEAN BOX is applied to this narrow field imaging to reduce the effect 
of aliasing. The Steer algorithm is also included in this case with improved 
quality. 

3. Examples of Images 

One of spectacular events observed with Nobeyama Radioheliograph is the 
prominence eruption on July 30-31, 1992. The newly processed images (Fig. 
1) show fine structure of twisting or untwisting motions of threads within 
the erupting prominence. 

The flare on September 6, 1992 is processed with the 16d high-resolution 
imaging method (Fig. 2). The small frames show a sequence of radio bursts 
with 2.5 arcminute frame size for two minute interval during twenty minutes 
to cover the start, impulsive, and decay phases of the event. The flare 
started over the pre-existing S-component or above a sunspot. With the 
increase of the brightness a remote compact source of about one arcminute 
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Figure 1. An eruptive prominece on 1992 July 31 with the current algorithm and with 
the Steer algorithm by H. Koshiishi(1996), 

north-west started to brighten up. A further increase of brightness at the 
orginalpoint was accompanied by an expansion of the source to the north
east, which probably interepted as an evaporation or brightening of a loop 
originating from the spot. After the maximum phase a diffuse extended 
source appeared to the north-east of second source or the expanded source. 
The shape of this diffuse source is somewhat elongated along a line from 
the south-east to the north-west. One might imagine another loop over 
the first loop. This is a very naiive discription of behavior of the flare 
from the newly obtained images. The scientific analyses based on these or 
further improved images will be done with close and critical examination or 
evaluation of methods and sample images. The current version of the 16d 
imaging program assures the detection of 80000 K compact sources (Fujiki, 
1996) 

The flare on November 10, 1995 was observed with the newly-equipped 
dual-frequency operation mode at 17 and 34 GHz (Takano, 1996). This 
upgrading was completed in the1995 autumn. The images were synthesized 
with the 16d and 8d high-resolution imagings for 17 and 34 GHz maps 
(Fig. 3). It is remarkable that two sources are seen at 17 GHz, whereas one 
northern source is observed at 34 GHz and in soft X-ray (SXT/Yohkoh). 
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Figure 2. Narrow field high resolution imaging of the 1992 September 6 Flare with the 
Steer algorithm by K. Fujiki(1996). The field of view for the small panels is 2.5 x 2.5 
arcminute. 

The southern source at 17 GHz is emitted by the gyro-resonance mechanism 
at the third harmonics of the gyro frequency, which suggest the existence of 
2000 Gauss fields at the coronal temperature. It is also to be noticed that 
the northern source has a loop structure at all frequencies and energy, and 
the 34-GHz image is almost same as the SXT image. This proves that the 
imaging performance of 5 arcsec spatial resolution at 34 G Hz is probably 
satisfied. 

4. Conclusions 

New imaging methods and examples of maps processed with these methods 
are introduced and presented. A brief description of their performances is 
also given, but it should be reminded that there is a room to improve 
these performances. These programs will be opened shortly. The author 
would like to express thanks to Hideki Koshiishi for his laborious efforts 
and patience to complete his doctoral thesis. 
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Dual-Frequency Inlages of a Flare 
on Novenlber 10. 1995 

T.Takano and Nobeyama Radioheliograph Group 

03:48:56 UT 

Figure 3. Dual-frequency images of the 1995 November 10 flare together with the image 
by YohkohjSXT (Soft X-ray Telescope) 



References 

Born, M. and Wolf, E. (1970) Principle of Optics, Pergamon Press, New York. 
Cornwell, T. J. (1983) Astron. Astrophys. 121, pp.281-285 
Fujiki, K. (1996) Private communication 
Hoegbom, J. (1974) Astron. J. Suppl. 15, pp.417-426 

201 

Koshiishi, H. (1996) Doctoral Thesis "A Deep-CLEAN Imaging Method Applied to the 
Nobeyama Radioheliograph - Data Processing and Imaging Performance for Diffuse 
and Faint Features -", University of Tokyo, Department of Sciences, School of As
tronomy. 

Ryle, M. (1952) Proc. Roy. Soc. A., 211, pp. 351-375 
Schwab, F. R. (1984) Astron. J., 89, pp.1076-1081 
Steer, D. G., Dewdney, P. E., and Ito, M. R. (1994) Astron. Astrophys., 137, pp.159-165 
Takano, T. (1996) Private communication 



LOOP-TOP HARD X-RAY SOURCE IN SOLAR FLARES 
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Extended Abstract 

Where does the primary energy release take place in solar flares? Although 
this is a very fundamental question, no clear observational result had been 
achieved yet. Hard X-ray imaging observations of solar flares give us hints 
to answer this question. Actually a new type of hard X-ray source, which 
may be a very important hint, was observed with the Hard X-ray Telescope 
(HXT) on board Yohkoh. We summarize the characteristics of this hard X
ray source and other related observational results below. 

We analyzed three impulsive solar flares on 13 January, 1992 (17:29 UT), 
4 October, 1992 (22:21 UT), and 17 February, 1993 (10:35 UT) occurring 
near the limb. Hard and soft X-ray images of these flares, taken simultane
ously with HXT and the Soft X-ray Telescope (SXT) aboard Yohkoh, accu
rately coaligned. It is clearly revealed that, in addition to double-footpoint 
sources, a hard X-ray source exists well above the corresponding soft X-ray 
loop structure around the peak time of the impulsive phase (Masuda et at. 
1994, 1995). This type of hard X-ray source shows an intensity variation 
similar to the double-footpoint sources and its spectrum is as hard as that 
of the footpoint sources. These observational results suggest that the mag
netic reconnection that is responsible for the primary flare energy release 
occurs above the soft X-ray flaring loop. This "loop-top" hard X-ray source 
may represent the reconnection site itself or the site where the downward 
plasma stream, ejected from a reconnection point far above the hard X-ray 
source, collides with the underlying closed magnetic loop. 

203 

Y. Uchida et al. (eds.), 
Magnetodyruunic Phenomena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 203-404. 
© 1996 Kluwer Academic Publishers. 



204 

Magnetic reconnection originates not only downward flow but also up
ward flow. Recently hot-plasma ejections, accompanied with impulsive solar 
flares, are found (Shibata et al. 1995). In each of the three flares discussed 
above, such a phenomenon is observed. The hot-plasma ejections seem to 
start around peaks of spikes in hard X-ray light curve. In the case of the 
4 October 1992 flare, ejections took place twice, corresponding two intense 
hard X-ray spikes. So it is plausible that the ejection is related to impulsive 
energy release, i.e., magnetic reconnection. 

We also found a hard X-ray source located at site remote from the 
intense double footpoint sources in the 13 January 1992 flare. The posi
tion correspond to a footpoint of a large diffuse loop which exists above 
a compact flaring loop. If this hard X-ray footpoint source resulted from 
precipitation of high energy electrons along the loop, the electrons are ener
gized near the top portion of the large diffuse loop. This energization could 
be identified with a result of a collision between the upward plasma stream 
from the reconnection site and the large diffuse loop. 
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RADIO IMAGING OBSERVATION OF A SOLAR FLARE CUSP 

K. SHIBASAKI 
Nobeyama Radio Observatory, 
Nobeyama, Minamimaki, Minamisaku, 
Nagano, 384-13, Japan 

A Gradual Rise and Fall type solar radio event on the east limb was 
observed by the Nobeyama Radio Heliograph. The event started 23 UT on 
May 1, 1993 and lasted more than four hours. Radio images synthesized 
every three minutes showed a cusp shape in the later phase of the event. 
The peak radio flux was 6 sfu and the GOES X-ray classwas C6. In this 
event, we could clearly observe the flare cusp formation process due to its 
favorable location (on the limb) and its large size (2 arc min.). 

In the beginning of the event, a bright source appeared in the corona, 
then a bright bar was formed which connected the source and the lower 
atmosphere. The lower edge of the bar became brighter and the brighter 
part gradually elongated upward along the bar. Another bar was gradually 
formed starting from the initial source position toward the lower atmo
sphere away from the original bar. These two bars formed a cusp shape. 
After the flux peak, the top part of the cusp was bright and the whole 
shape were symmetric. 

Radio emission mechanism of this event are mainly optically thin free
free emission. This is supported by the flat frequency spectrum of the total 
flux at 2 - 17 GHz and no detectable circular polarization (less than 0.5 
percent). In this case, radio brightness is proportional to EM/sqrt(T). Ini
tial radio brightening need EM enhancement in the corona. Plasma tem
perature increase, which is expected in magnetic field reconnect ion above 
the cusp top, causes radio brightness decrease. Plasma compression in the 
corona will be the cause of initial radio brightening. A bar with a bright 
foot is interpreted as plasma evaporation from the chromosphere into the 
cusp. High density plasma from the chromosphere can explain the bright 
foot. The elongation toward the cusp top is the high density plasma flow 
or diffusion. This flow continued to the other leg through the cusp top. We 
could not detect the evaporation from the other foot. After the evapora-
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Figure 1. Top) GOES soft X-ray total flux in soft channel. Bottom) 17 GHz total flux 
and the sketch of source shapes. 

tion stopped, the bright foot disappeared and the whole shape became a 
symmetric cusp. 

Initial radio brightness increase is more than 4 times that of the back
ground. To explain this enhancement by adiabatic compression of coronal 
plasma, the volume compression ratio should be larger than 8. The chro
mospheric evaporation from one leg suggests large difference of heat con
ductivity between two legs, assuming that the heat dump occurred at the 
cusp top. Another possibility is that heat dump occurred not at the top of 
the cusp, but at or close to the foot where evaporation continued. In this 
case, we need another flare scenario which explains heat dump near the 
foot. 



FLARES AND PLASMA FLOW CAUSED BY INTERACTING 

LOOPS 

Y. HANAOKA 
Nobeyama Radio Observatory, NAOJ 
Minamimaki, Minamisaku, Nagano 384-13, Japan 

Remote brightenings, defined as small brightenings distant from the 
main flare sites during flares, have been observed by many authors. The 
coronal configuration underlying the phenomenon is understood to be mul
tiple loops (Nakajima et al., 1985; Machado et al., 1988; and Benz, 1993). 
However, there remain important questions. Is the remote brightening only 
a by-product of a single loop flare? Does an interaction between loops in 
the multiple loop structure causes a flare? 

We present here new observations of flares and plasma flows caused 
by interacting loops. The active region NOAA 7360 was observed in 1992 
December with various instruments including the Yohkoh satellite. In this 
region, a small loop emerged near one of the footpoints of a pre-existing 
large coronal loop, and the subsequent interaction caused flares, microflares, 
and plasma flows. The magnetic field structure of the region is shown in 
Figure l. 

Four flares were observed by Yohkoh during the flux emerging activity. 
They show brightenings occurring first in a small loop, and then the large 
loop. The brightenings in the large loop show typical phenomena in flares; 
impulsive brightenings of both footpoints of the loop in hard X-rays and 
microwave occur first, and then gradually the loop brightens in soft X
rays. Therefore, two flare-like brightenings occur sequentially. However, the 
brightenings in the large loop do not occur spontaneously, but must be 
triggered by the brightenings in the small loop. There must be interactions 
between the loops to cause these flares. 

As well as the flares, many microflares occurred in the small loop. More 
than half of them are accompanied by plasma ejection phenomena from 
the small loop into the large loop. The large loop is filled with the ejected 
plasma with the velocities of about 1000 km s-l. These ejection phenomena 
are considered as X-ray jets observed by Yohkoh (e.g. Shibata et at., 1992). 

207 

Y. Uchida et al. (eds.), 
Magnetodynamic Pherwmena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 207-208. 
© 1996 Kluwer Academic Publishers. 



208 

microwaves 
hard X-rays, microwaves 

~ j 

neutrallina 

~·~---50000krrllr, --~.~ 

Figure 1. Schematic drawing of the magnetic field and the activities in NOAA 7360. 
Interactions between the small loop and the large loop cause plasma flows into the large 
loop, accelerations of electrons which produce hard X-ray and microwave emission, and 
HO:' brightenings in flares. 

The associated occurrences of the microflares and the jets suggest that they 
are also caused by interactions between the loops. 

The recurrent occurrences of the homologous flares and microflares 
mean that the magnetic field structure in this region inevitably causes the 
activities due to loop-loop interactions; the flares and jets occur under the 
common magnetic field structure. 

Our observations give a new insight into the previous observations of 
the remote brightenings. The events with the typical velocity of about 1000 
km s-l are probably explained as jets. The events caused by high-energy 
electrons are probably not a by-product of the flare at the main flare site, 
but a part of a newly occurring flare. Therefore they need not be categorized 
as special phenomena, 'remote brightenings'. 

The full description of the results of our analyses will appear in a journal 
(Hanaoka, 1996). 
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ELECTRON TIME-OF-FLIGHT MEASUREMENTS 

Summary 

MARKUSJ.ASCHWANDEN 
University of Maryland, Astronomy Department, College Park, 
MD 20742, USA (e-mail: markus@astro.umd.edu) 

High-precision time delay measurements of hard X-ray emission in solar 
flares can be used to infer the energy-dependent time scales of particle 
acceleration, propagation, and energy loss. A systematic time delay of 
T = t2SkeV-tSOkeV ~20 ms between the 25 keY and 50 keY HXR-producing 
electrons was discovered in a statistical study of 640 flares observed by 
BATSE/CGRO (Aschwanden, Schwartz, & Alt 1995). The magnitude and 
sign of the observed delay provides a diagnostic of the predominant timing 
mechanism (Aschwanden & Schwartz 1995), i.e. propagation time-of-flight 
differences in the thick-target model (0 < T $ 100 ms), energy loss time 
differences in the thin-target model (-1 s $ T < 0), trapping time differ
ences (-10 $ T $ - 1 s), or convolution delays with thermal effects (+1 s 
$ T $ + 10 s). In the flare of 1992 Jan 13 (Fig.l), which became famous 

for the discovery of a hard X-ray looptop source (Masuda 1994), the de
lays of the spiky HXR pulses (Fig.2) are charachteristic for time-of-flight 
differences. The inferred electron time-of-flight distance was found to ex
ceed the path difference between the HXR loop top and foot point sources 
(Aschwanden et al. 1995). 
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Figure 1. Loop geometry of Masuda's limb flare on 1992 January 13, 1728 UT, observed 
by Yohkoh/SXT (1728:07 UT, Be 119 filter; thin contours) and HXT (1728:04-1728:40 
UT, Ml channel, 23-33 keY; thick contours). The apex of the soft X-ray loop is measured 
at a height of hSXT = 12,500 ± 1750 km, while Masuda's "above-Iooptop" HXR source 
is measured at a height of hHXR = 22,100 ± 6000 km. 
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Figure 2. HXR time delay measurements from BATSE/CGRO between 5 energy chan
nels in the 31-122 keY range (crosses). A theoretical model (thick line) of propaga
tion time differences is fitted to the energy-dependent HXR delays, yielding a propa
gation path length of L = 87,000 ± 11,000 km, which corresponds to an altitude of 
hAec = 44,000 ± 6000 km for the acceleration site, after correction for loop curvature, 
helical twist of field line, and electron pitch angle. 



HOT AND COOL POST-FLARE LOOPS: 

FORMATION AND DYNAMICS 

B. SCHMIEDER, P. HEINZEL, L. VAN DRIEL-GESZTELYI AND 
J. E. WIIK 
Observatoire de Paris, Section Meudon, 92195 Meudon, Frnace 

AND 

J. LEMEN 
Lockheed Palo Alto Research Loboratory, 
Palo Alto, CA 94304-1911, USA 

U sing coordinated observations of a large system of post-flare loops 
on 25-26 June 1992, we studied the gradual formation and dynamics of 
the loops and the relationship between hot X-ray and cool Ho: loops. 
Yohkoh/ SXT observed these loops for more than 14 hours (after the larger 
X-class flare of June 25 at 20:11 UT), and between 7:00 - 9:40 UT we 
have obtained also Ho: spectra with the MSDP on Pic-du-Midi. Form a 
coa.lignment analysis between X-ray and Ho: images we see that the cool 
loops are situated just below the hot ones and that the whole system grows 
up with the velocity of about 1 km S-l (Schmieder et at. 1995 a). This 
is explained by gradual reconnection process as suggested by Forbes and 
Malherbe (1986). 

For the whole gradual phase, we have determined the temperature and 
the emission measure EM from the SXT data (using two AI-filters). EM 
was also computed for the cool Ho: loops. Estimating the thickness of cool 
loops to be around 2000 km (MSD P images) and taking into account the 
fact that SXT loops are more extended, we computed the electron densities 
ne in hot and cool plasmas. We found n~ot S; n~ool c::: 2 X 1010 cm-3 , at 
the time of the Ho: observations. However, from the temporal evolution of 
the EM we see that n~ot c::: 5 X 1010 - 1011 cm-3 at around 0:00 UT and 
n~ot c::: 5 X 109 - 109 cm -3 at the end of the gradual phase (around 13:00 
UT). The EM itself decreased by almost two orders of magnitude during 
the same period. Using these densities, we computed lower limits of the 
cooling time which increases from several minutes at the beginning to more 
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than 2 hours at the end of the gradual phase of the flare (Schmieder et ai. 
1995 b). 

As a next step, we analysed in detail the dynamics of cool Ha loops, 
using the MSDP data. After a geometrical reconstruction of the true shape 
at the loops we have derived the flow velocities of the cool plasma blobs. 
At the upper part of the loops we observed a free-fall motion, while in 
the lower parts of the legs the blobs seem to be decelerated and the flow 
velocity appeared to be almost constant. Several possible mechanisms for 
such a deceleration are discussed in a recent paper by Wiik et ai. (1995) 
devoted to the dynamics of cool post-flare loops. 

SXT 
01:26 UT 08:04 ur 

Evolution of post-flare loops on June 261992 
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ULTRAVIOLET (1200 TO 1800 A) EMISSION DURING THE 

IMPULSIVE PHASE OF A CLASS 3B-X3 SOLAR FLARE 

OBSERVED WITH SOLSTICE 

Abstract. 

P. BREKKE 

Institute of Theoretical Astrophysics, University of Oslo, 
P.O. Box 1029 Blindern, N-0315 Oslo 3, Norway 

AND 

G. J. ROTTMAN, J. FONTENLA AND P. G. JUDGE 

High Altitude Observatory, National Center for Atmospheric 
Research P.O. Box 3000, Boulder CO 80307-3000, USA 

An observation of the ultraviolet spectrum (1200 to 1800 A) during the 
impulsive phase of a very extended 3B-X3 class solar flare on 27 February 
1992 has been obtained with the Solar-Stellar Irradiance Comparison Ex
periment - SOLSTICE (Rottman et al. 1993). This flare shows a dramatic 
enhancement of lines formed in the solar transition region. The full disk 
irradiance (i.e. the Sun as a star) of the resonance lines of C IV and Si IV 
increased by a factor of 15-20 during the impulsive phase of the flare which 
is comparable to flux enhancement during stellar flares. 

The observation is compared with ground based Ha, magnet ogram , 
and microwave observations as well as hard X-ray measurements from the 
Ulysses spacecraft. By taking into account the emitting area the radiance of 
the flare increased by a factor of 20,000 or more relative to the non-flaring 
background. Such enhancement far exceeds previous published values (e.g. 
OSO 8, Skylab, and SMM) where transition region lines increased about 
a factor of 100. These results were probably affected by limited dynamical 
range and temporal resolution. Thus, our SOLSTICE observation may be 
the first measurement of the UV enhancement during large flares (Brekke 
et al. 1996). 

In addition to C IV and Si IV, the the Si III multiplet near 1295 A also 
shows remarkable enhancement. Most other allowed lines such as C II, Si 
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Figure 1. The SOLSTICE spectrum recorded during the impulsive phase ofthe February 
27 1995 flare compared to a "normal" spectrum recorded the previous day. 

111(1206 A) , N V, and He II show moderate enhancements. The weakest 
enhancement of all is the H I Lyman-a, for which the irradiance increases 
only 10%. Some of the differences between the various enhancements are 
probably due to the observations timing since the scanning spectrometer 
observes different spectral features with up to 4 minutes time difference. 
During the flare the strong transition region lines are systematically red
shifted by 50 km S-1. 

At present SOLSTICE is the only UV instrument that could observe 
such large flux enhancements as presented in this paper. Also, SOLSTICE 
gives us an unique possibility to observe "the Sun as a star" and to relate 
the observations with results from stellar UV instruments. Thus, we plan 
to operate SOLSTICE in a "flare-mode" to obtain both spectra and light 
curves at discrete wavelengths. TRACE, to be launched in 1997, is another 
instrument with sufficient dynamic range to study flares. 
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III. Production of Superhot Plasma and High
Energy Particles in the Sun and Stars 

111.2. Stellar Flares 



OPTICAL EMISSION FROM STELLAR FLARES 

C.J. BUTLER 
A rmagh Observatory 
College Hill, Armagh, BT61 9DG, N. Ireland 

1. Introduction 

Optical observations of stellar flares on late-type stars are common, par
ticularly in the U and B bands of the Johnson system. The reason for this 
preference is the large proportionate increase in the flux in the ultravio
let during flares on late-type stars, as compared to the quiescent stellar 
continuum which peaks in the near infra-red. Thus the contrast with the 
photosphere of the quiet star makes detection of flares much easier in the 
near ultraviolet than at longer wavelengths. Whilst single band, U or B, ob
servations have provided very useful information on the statistics of flares, 
they are inadequate in their lack of spectral information. Only from spec
tral information can we hope to gain insight into the processes that give 
rise to the optical emission and thereby ultimately, to realistic flare models. 

Stellar flare light curves are characterised by two distinct phases: the 
initial impulsive phase during which the optical continuum is strong, and 
the gradual phase which follows as the flare plasma cools in a roughly 
exponential decay. In general, it is during this second phase, that the optical 
emission lines of HI and Call reach their peak. In overall energy terms, the 
continuum emission dominates the optical flux, though the proportion of 
line emission to continuum rises as the flare progresses through the gradual 
phase. 

2. The Optical and Ultraviolet Continuum Emission 

Several recent sets of observations of flares in the UBVRI bands have ap
peared which give limited spectral information over the whole optical and 
near infra-red range. We shall discuss these, individually, below. Initially, 
we look at attempts to explain the observed continuum shape as emission 
from a uniform mass of high temperature plasma. In this context the mech-
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anisms which have been suggested for the origin of the optical continuum 
are the following: 

Black -body radiation 
Free-free and bound-free emission from hydrogen in the optically thick 
and optically thin cases 
Optical synchrotron from energetic electrons 

Firstly in Figure 1, we show a rare coodinated observation of a flare 
on AD Leo during which simultaneous IUE and UBVR observations were 
obtained by Pettersen et al. (1986). The broad-band fluxes suggest a pseudo 
black-body curve with a peak in the near ultraviolet somewhere between 
2,000 and 3,000 A. Indeed, as we see in Figure 1, a black-body curve with 
a temperature of 13,000 K, gives a reasonable fit to the data. This is an 
unexpected result, as we know we are dealing with matter in a highly 
perturbed state, i.e. one we expect to be far removed from thermodynamic 
equilibrium. The apparently rather reasonable fit by a black-body curve 
to the AD Leo data, may be telling us something about the nature of the 
plasma which is responsible for the ultraviolet-optical continuum radiation. 
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Figure 1. Broad-band fluxes during a 15 minute interval near the maximum of a 
flare on AD Leo observed by Petter~en et al. (1986). The curve is the black-body 
distribution for Te = 13,000 K. 
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One might suspect, for instance, that it is pointing to an extremely compact 
and dense source in which thermodynamic equilibrium could be established 
in a very short time. Indeed, from the results of Houdebine (1992), discussed 
later, this seems a real possibility. 

We note, however, with reference to Figure 1, that the slope of the 
continuum observed in the ruE SWP range is not consistent with the black
body curve and, both the ruE and optical data suggest a rather flatter 
spectral distribution. Due to the inability of ruE to observe in both the 
LWP (1950-3250 A) and SWP (1160-2000 A) ranges simultaneously, it was 
not possible to define the spectrum of the AD Leo flare at the flux peak. 
'Even after a decade and a half of almost continual IUE operation, it seems, 
we have not been able to obtain coverage of flares in the full ruE and optical 
ranges, simultaneously. It remains an important goal in flare studies, to fill 
this vital gap in our knowledge. 

A recent study by Alekseev et al. (1994) gives details of a large flare 
(!:::'U r'V 3.7m ) on EV Lac. Detailed (U-B), (B-V), (V-R) and (V-I) colour 
curves were derived throughout the flare. They show a dramatic blue en
hancement at the very earliest phase of the flare, followed by a prolonged 
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Figure 2. Two-colour diagrams for a large flare on EV Lac reported by Alekseev 
et al. (1994). The observations are represented by rectangles, the size of which 
corresponds to 20' in the value of the respective colour indices. The position in the 
two-colour diagrams of the following emission models are shown: I - Black-body, 
Te = 6,000 - 20,000 K; II & III - Optically thin Balmer continuum emission, Te 
= 10,000 K, ne = 1012 & 10 14 cm- 3 ; IV & V - Optically thick Balmer continuum 
emission, Te = 10,000 & 15,000 K; VI, VII & VIII - Emission arising from proton 
beams of 1, 3 & 5 MeV. 
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period when the flare colours were almost constant in (V-B), (B-V) and (V
R). In Figure 2, (their Figure 5), we show the position of the error boxes 
for the EV Lac flare in the two colour diagrams. In addition Alekseev et 
al. plot the loci of various model predictions for continuum radiation. The 
models they chose were: (1) black body radiation, (2) Balmer continuum 
from a hydrogen plasma in the optically thin and optically thick cases, 
and (3) heating by high energy protons. The various stages of the flare are 
numbered, with (1) corresponding to the early impulsive phase, (2) to the 
peak of the V-band emission, and (3), (4), (5) and (6) to successive stages 
of the decline. In both two-colour diagrams, the first phase sits firmly on 
the black-body line. Similarly, in the (V-B) - (B-V) diagrams, the next two 
phases lie close to the black-body line. However, the diagram involving (V
R) shows some differences from this picture. This was interpreted as due to 
a greater sensitivity in the R-band to plasma emission at the early stages 
of the flare. Overall, Alekseev et al. (1994) concluded that a black-body 
distribution gave a good fit to the broad-band colours of flare light in the 
early stages of this flare but that during the later stages the colours were 
more consistent with optically thick Balmer continuum radiation. 

A large (flU rv 3.8m ) flare on the dMe star, Gliese 234, was observed in 
VBVRI by Doyle et al. (1989). The observations were made using an auto
matic filter change photometer operating sequentially in the various colours 
and are therefore not truly simultaneous. However, by interpolation of the 
light curves, approximate colours can be derived during the progress of the 
flare. On the assumption that the flare emission is the result of free-free 
or bound-free radiation from a hydrogen plasma, broad-band colours were 
derived theoretically for the range of optical and near infra-red wavelengths 
observed. It was found that the broad-band BVRI colours during the early 
stages of the flare were reasonably well fitted by both emission mechanisms 
for a plasma with a temperature of 1.4 104K. However, the V-band flux was 
significantly higher than that predicted by either mechanism. Optical syn
chrotron radiation with I = 4.5, was also able to fit the observed colours, 
though again it underestimated the V-band flux. However, the crucial fac
tor in their interpretation turned out to be, not the shape of the continuum 
spectral distribution, but the volume of plasma that would be required to 
produce the observed fluxes. In the case of free-free emission the volume 
of plasma required was of the order of the volume of the star itself. This 
makes it unlikley that free-free emission can be the prime mechanism. By 
similar arguments it was found that optical synchrotron emission requires 
an unrealistic number of high energy electrons to produce the observed flux. 
Bound-free emission, on the other hand, is more efficient and appeared to 
be a likely candidate in this case. 
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3. Non-LTE Computations of Flares in Stellar Atmospheres 

The studies discussed so far have considered the optical radiation from a 
stellar flare on a rather simplistic basis, as arising from a plasma at a single 
temperature and density. Though useful in pointing the general direction 
we may expect to see progress, it is necessary to move to more complex 
atmospheric models for an improved understanding of the true situation. 
Two studies have recently appeared that attempt to compute the effect on 
a NLTE model atmosphere of a sudden release of energy such as occurs in 
a flare, one by Houdebine (1992) and the other by Hawley and Pettersen 
(1991) and Hawley and Fisher (1992). 

In these studies, several possible models have been considered to explain 
the optical continuum flux. They are: 

- Conduction from the hot overlying corona. 

- Irradiation of the chromosphere/photosphere by soft X-rays from the 
corona. 

Emission from a downward moving condensation. 

Reprocessing of the EUV /UV radiation from a condensation to pro
duce optical emission. 

One of the flares that has been most carefully studied in recent years is 
the large (f).U rv 4.5m ) flare observed by Hawley and Pettersen on AD Leo 
on 12 April, 1985, discussed previously. For this flare we show, in Figure 
3(a), the observed continuum fluxes at several phases during the flare. 

Hawley (1991) and Hawley and Fisher (1992) computed the continuum 
emission arising from conduction from the hot corona and the excitation 
of the quiescent chromosphere by downwards directed soft X-rays. They 
computed the optical emission arising from these processes in five different 
models with a coronal apex temperature which varied from 3 106 K to 20 106 

K. The spectrum of the continuum emission predicted is shown in Figure 
3(b). In all cases the emission is much redder that that normally observed 
in stellar flares. 

From these studies, they were able to establish: (1) that conduction from 
the corona was unlikely to be a major contributor to the optical continuum 
in the AD Leo flare, (2) that downward directed soft X-rays from the corona 
can explain the total optical continuum and line flux but not the observed 
spectrum of the emission. Therefore coronal soft X-rays could not be the 
dominant source of excitation of hydrogen in this flare. 

Initially, Hawley and Pettersen (1991) proposed that the observed excess 
blue emission might arise from a multitude of metal lines in the near ultra
violet, however, in a follow-up paper by Hawley and Fisher (1992), it was 
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proposed that the observed, approximately black-body, continuum emis
sion could arise from reprocessing in the photosphere of strong EUV jUV 
emission from the upper chromosphere. A basically similar conclusion was 
reached, independently, by Houdebine (1992) following an earlier suggestion 
by Houdebine (1990) and Houdebine and Butler (1990). 
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Figure 3 (a) Continuum fluxes in UBVR for the AD Leo flare, (from Hawley, 
1991). Note the large ultraviolet flux during the early stages of the flare. (b) The 
predicted continuum spectra for the AD Leo flare from models by Hawley and 
Fisher (1992). 
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One of the most promising models of flare optical continuum emission 
is that proposed by Katsova et al. (1981) and Katsova and Livshits (1988), 
whereby a flare kernel, formed near the footpoints of a magnetic loop, is 
driven downwards into the upper chromosphere with an equal and opposite 
momentum to material evaporated into the corona. Alternatively, in proton 
beam models, the momentum could be imparted by these more massive 
particles. Canfield et al. (1990) has presented evidence for such downward 
moving kernels or condensations in solar flares. 
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Figure 4 The merged hydrogen spectrum of a flare kernel from models by Houde
bine (1992). The higher density models are at the top. Note that for high density 
models the continuum emission becomes increasingly similar to a black-body spec
trum with a temperature in the range 10,000 to 20,000 K. 

Houdebine (1992) has considered, in some detail, the optical emission 
that would arise from such flare kernels and concludes that many of the 
observed features are explained by his model. In Figure 4, (Figure 18 of 
Houdebine, 1992), we show the computed spectrum of hydrogen emission 
from a flare kernel. The spectrum becomes increasingly like a black-body 
curve as the density of the kernel rises, The model is also able to explain the 
strong ultraviolet continuum flux and gives Balmer decrements similar to 
those observed. With increasing kernel density, the continuum dominates 
the line emission and the Balmer jump virtually disappears. Such behaviour 
has been seen in some of the more energetic flares (e.g. AD Leo, Hawley 
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and Pettersen, 1991). 

4. Conclusions 

In this short review, we have discussed the observations of continuum emis
sion from stellar flares and the various models that have been. proposed for 
its origin. Whilst we still have relatively few broad-band observations of 
flares over the entire optical to near infra-red range, those we have are be
ginning to lead to a consistent picture. The continuum emission, though 
similar to black-body in the early phases of a flare, becomes increasingly 
dominated by optically thick hydrogen emission as the flare progresses. The 
observations support the contention that more than one emission mecha
nism is invloved during the progress of a flare. 

With the recent application of NLTE codes, it has proved possible to 
probe further; both the processes involved in the heating of the plasma, and 
the emission mechanisms which subsequently dominate the production of 
optical radiation. From the limited evidence we have, it seems that the hot 
kernel model shows the greatest promise of explaining the continuum emis
sion, particularly if we include the reprocessing of ultraviolet and extreme 
ultraviolet emission by the adjacent quiet atmosphere. The studies that 
have been carried out by Katsova and Livshits (1988), Houdebine (1992) 
and Hawley and Fisher (1992), have given a new insght into the origin of 
stellar flare optical emission. However, we shall need to apply these mod
els to a much greater panoply of flares before we can convincingly accept 
a generally applicable flare model. For this, we need a much larger data 
bank of simultaneous UBVRI observations, obtained by multichannel tech
niques. The normally available, sequential UBVRI observations, are not 
sufficiently accurate, particularly in the impulsive phase when the flux is 
changing rapidly on a time-scale comparable to the interval between succes
sive colours. More observations of flares, using a truly multichannel system, 
such as that described by Barwig et al. (1987), are badly needed. 
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FLARES ON ACTIVE BINARY SYSTEMS 

S. CATALANO 

Catania Astrophysical Observatory 
Vi ale A. Doria 6, 1-95125 Catania, Italy 

Abstract 

Flares in the Sun and in binary stars seem to have the same physical 
nature but very different energetic power. The total energy released by flares 
on RS CVn binaries is in the range 1035 - 1038 erg while typical energies of 
solar flares are ~ 1028 - 1032 erg. Flares in binaries are usually longer-lived 
than those observed in the Sun and in dMe stars. The relevance of the 
binary configuration in the flare energy balance and storage is analysed in 
the framework of loop models. Evidences for modifications of active region 
configurations concurrently with flare eruptions, in some very active RS 
CVn binary, are presented. It is argued that such manifestations may be 
the result of a dynamic global coupling of the magnetic fields between the 
flaring site and the rest of the activity complex. 

1. Introduction 

Following the first detection of a soft X-ray flare on the RS CVn binary 
HR 1099 by White et al. (1978), numerous flares have been observed on 
RS CVn and Algol binaries during various satellite missions, as well as at 
radio and optical wavelengths. Although the flare phenomenon for decades 
has been known to occurr in stars other than the Sun, but at quite similar 
energy levels, the flares observed in close binaries appear to be much more 
powerful events which may not share too many similarities with solar flares. 

Since other speakers at this colloquium will discuss observations of stel
lar flares in different types of stars and in the wide range of physical condi
tions available on any given star, I will mainly concentrate on some specific 
problem related to the unusually large amount of energy released in close 
binary star flares, and on the condition for the flare occurrence. 
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2. Which Binaries do Flare? 

The obvious immediate answer is: all close binaries. By close binaries I refer 
to short period (P orb "-' 0.5 - 50 days) binary systems which contain non
degenerate components: the RS CVn Binaries, Algols, and W UMa systems. 

RS CVn binaries 
RS CVn binaries are very active systems with prominent X-ray and 

radio luminosity Lx = 1029.5_1031.5 erg s-1, L6cm = 1015.5_1017 erg s- l Hz-1 

respectively. Chromospheric and transition region lines manifest as strong 
emission features in their spectra. 

To date tenths of X-ray flares have been observed in several RS CVn 
systems and many cf them have been found flaring more than one time. 
Enhancements of a factor of ten is frequently observed at the flare peak, 
though intensity increases by factors of 35-40 have also been observed. To 
these cases should belong the flares detected on cr Gem Ex = 3.5 X 1038 erg, 
(pye and Mc Hardy 1980), BD +61 1211, Ex = 4x1037 erg, (Charles et 
al. 1979) and UX Ari Ex = 1 X 1037 erg, (Tsuru et al 1989). These very 
energetic events have time scale of about ten hours, with cases of longer 
durations like the 3 day X-ray flare on HR 5110 (Graffagnino et al. 1995). 

Spectral observations yield constraints on the temperture and the vo
lume emission measure of the emitting plasma, which are in the range 107 
- 108 K and 1052 - 1054 cm-3 respectively. Although not very energetic, the 
February 17, 1980 flare on HR 1099 has the highest maximum temperature 
(Tmax = 1.3x108 K) of any stellar flare ever observed (Agrawal and Vaidya 
1988). 

The flare activity at radio wavelengths is one of the most outstanding 
characteristics of RS CVn binaries. Microwave flares exhibit a large va
riety of time scales, as short as 4-5 minutes (Brown and Crane 1978), or 
as the very long-lasting single flare on UX Ari, ~ 50 hr (Gibson, Hjellming 
and Owen 1975). States of continuous flaring lasting for weeks or months 
(Feldman et al. 1978, Umana et al. 1995a) appear to be a peculiar chara
cteristic of RS CV n systems. The extreme case is represented by UX Ari 
which has been found in one of such high activity states for about 4 months, 
from October 7 1992 to February 6, 1993 (Elias et al. 1995, NeidOfer et al. 
1993, Umana et al. 1995b). 

Chromo spheric and transition region flares are frequently detected in 
the ultraviolet emission lines, and in Ho. Although typical time-scales for 
the rising and decay time are 1-2 hr and 3 ill, longer durations, e. g. 20 ill 
for the 3 October 1981 flare on HR 1099 (Linsky et al. 1989) and 6 days for 
the 24-29 September 1989 Ho flare on HK Lac (Catalano & Frasca 1994) 
have been ascertained. 
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Optical, or white light, flares are very rare events in RS CVn binaries. 
The best documented are the 14 and 15 December 1989 flares observed 
on HR 1099. The integrated losses in the 3100-5900 A continuum were 
estimated to reach 2.85x1038 erg in the 15 December flare only. A similar 
amount of energy has been estimated to be associated with the mass flow 
deduced from the Ha emission profile behaviour (Foing et al. 1994). 

Algol systems 
Although Algol systems are different from RS CV n systems, mainly from 

the evolutionary point of view, they exhibit some of the RS CVn activity 
phenomena. Algols also contain an early K sub giant / giant secondary, but 
the primary is typically of spectral type A or B. Furthermore, Algols are 
semi-detached systems, wherein the evolved secondary is tranferring mass 
to the primary. 

Of the two main X-ray flares on Algol, the first one, observed with the 
EXOSAT satellite (White et al. 1986) yielded a total energy of 2.5x 1034 

erg in the 0.1 -10 KeV band. The second one, observed with the GINGA 
satellite (Stern et al. 1992), resulted much more powerful, the total energy 
being about 2.3x1035 erg with a peak luminosity of 1031 erg s-l. The total 
duration was about 15 hr while the EXOSAT flare duration was about 
2.4 hr. Before the large GINGA flare a smaller precursor lasting about 5 hr 
reached a peak intensity of about 1.5 times the quiescent flux. It seems that 
Algol X-ray flares are characterized by an energy output of2 X 1034 -2 X 1035 

erg i.e. about one-two order of magnitudes lower than in typical RS CVn 
flares. 

The quiescent radio properties of Algols and RS CVn's are very similar, 
as regard the average luminosity and spectra (Umana et al. 1990). Several 
flares have been detected on Algol at radio wavelengths, all of them exhi
biting about the same structure with a decay time twice as long as the 
rise time. They appear to preferably occur outside the eclipses, suggesting 
that the source of flares is located between the two stars (Catalano 1990). 
Observation of flares in the optical and UV region are strongly biased by 
the high continuum of primary component which dominates the spectrum 
at these wavelengths. 

W UMa systems 
W UMa systems are very short period (P orb ~ 1 day) contact binaries 

with both components of similar spectral type, G main sequence, filling 
their Roche lobe. The best observation is the detection of an X-ray and 
radio flare during an EXOSAT and VLA coordinated monitoring on VW 
Cep (Vilhu et al. 1988). The duration is shorter in the x-ray band (I"V 1 hr) 
and longer in the radio band (I"V 3 hr). The flare appeared as a gradual rise 
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in the soft X-ray band, followed by an impulsive nonthermal radio burst 
and impulsive X-ray emission in the harder band a few minute later. This 
behaviour is similar to that of many solar flares. 

Observation of optical flares in the W UMa systems were reported long 
ago in 44 i Boo B (Eggen 1948) and U Peg (Huruhata 1952). However the 
best observed is a flare in VW Cep (Egge and Pettersen 1983). The energy 
released in the U band during the 35 min duration was estimated to be 
4x1033 erg. 

From this short summary of binary star flare properties, it appears that 
RS CVn systems display the most powerful flares with energies up to 2-
3x1038 erg, followed by Algol's with energies of 2x1034- 35 erg and by W 
UMa systems with 1032 - 33 erg, which are rather close to the solar flare 
energies, 1028 - 32 erg. 

3. The Role of Binarity in the Flare Energetics 

Although for many flares in binaries, comparison with solar two ribbon 
flares has been made (van den Oord 1988, Doyle et al. 1988), the time 
scale and energy involved require larger size scales and may be different 
magnetic configuration. Therefore the question is: i) to which extent is the 
binary nature important for the flare enrgetics, ii) what is the magnetic 
flux tube dimension, and iii) where is the pre-flare energy stored? 

Simon et al. (1980) proposed a speculative scenario in which large 
magnetic flux tubes, attached to both stars, occasionally interact and inter
connect. Such kind of model that has been worked out more quantitatively 
by Uchida (1986) may be applied to RS CVn systems where both com
ponents are active stars, but not to Algols where the primary early type 
component is not active. Radio maps of RS CVn systems typically extends 
over the whole system with brighter compact sources associated with the 
two stars, while in the case of Algol the source is clearly associated with 
the late type secondary componet. A "core-halo" structure, the "core", of 
size smaller or comparable to the size of the star, being associated with 
the active component, was seen on UX Ari during an outburst (Mutel et 
al. 1985). VLBI scans during a flare on HR 1099 show that the source size 
expands during the cooling phase, reaching the size of the entire system 
(Trigilio et al. 1993). 

This would suggest that flares erupt in closed loops anchored to the 
star but may expand along field lines open to the circumstellar space or 
interconnected between the two stars, like in the Uchida model. As a matter 
of fact, results from X-ray flare analysis, typically in the assumption that 
no further energy deposition occurs during the flare decay phase, and that 
the cooling is due to radiation and conduction loss, lead to more compact 
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sources. Estimates, in a two-ribbon flare model, of loop height for Algol 
flares led to values of 0.2 R* (van den Oord and Mewe 1989) and 0.8 R* 
(Stern et al 1992). Similar values are found in the case of RS CVn flares, 
e.g. 0.2 R* for a flare on (1 CrB (van den Oord 1988) and on V711 Tau 
(Agrawal and Vaidya 1i}88), and f'V 1 R* on UX Ari (Tsuru et al 1989). 

Flares are thought to be produced by the annihilation of a portion of 
the magnetic field energy stored in the field configuration. The shear of an 
arcade of loops leads to the magnetic energy increase of the system until 
the occurrence of a reconnect ion or an interconnection with another loop 
system. The energy storing structure should therefore be larger than the 
energy releasing volume. 

Adopting a two ribbon flare model van den Oord(1988) has shown that 
the maximal storage of energy is obtained when the filament is located 
between both components of the binary system. The application of the 
model to very energetic flares has led to the requirement that the pre-flare 
energy has to be stored in a structure longer than the stellar size therefore 
requiring an intersystem filament, as in the case of the 2.4 x 1036 erg flare on 
II Peg (Doyle et al1989). Similar requirements were needed to explain the 
optical and Het flare in HR 1099 (Foing et a11994) and the X-ray flare on 
HR5110 (Graffagnino et aI1995). However for the 1.3x1037 erg Het flare on 
HK Lac Catalano and Frasca (1994) showed that the pre-flare energy could 
be stored in a filament, about 0.5 R* in length, anchored on the active 
component. Catalano and Frasca noticed that the relative length of this 
structure, 0.5 R*, is not much larger than that of the largest two-ribbon 
solar flares when scaled with Sun's radius. So the larger energy released in 
the HK Lac flare, compared with that in solar flares, can be accounted for 
by the larger intrinsic dimension (i.e. larger amount of heated plasma) of 
the structure involved. 

HK Lac is a relatively wide system, so the interaction between the two 
components is rather weak, and there is enough space for large loops to 
develop without interaction with the field of the other companion. At pre
sent there are not enough observed cases to disclose whether the binary 
separation is a crucial parameter for the energy storage. 

4. Flare Occurrence and Light-Curve Changes 

The large amount of energy and the large magnetic structures involved in 
the binary flares raise also the question of possible visible evidence of the 
magnetic field disruption or of the pre-flare configuration that leads to the 
flare eruption. Catalano and Frasca (1994) showed that the big 24-29 Se
ptember 1989 Het flare on HK Lac occured concurrently with a significant 
change in the light curve that had been interpreted by Olah et al. (1991) 
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as the development of a new spot group. Catalano and Frasca also showed 
that a previous light curve change had occurred in connection with the 
enhancement of Ha emission observed by Bopp and Talcott (1980) on Se
ptember 291977. In both cases the flare developed on the same hemisphere 
of the new formed spot group. Investigating the time lag between the spot 
appearance and the flare eruption Catalano and Frasca concluded that the 
lag could be shorter than one stellar rotation. Light curve changes have also 
been observed in association with flare events in HR 1099. Zhai et al (1994) 
found an average brightening of all the system after the flare events of 14-15 
December 1989. They interpreted this systematic brightening as the emer
gence of a bright spot (white light plage), which was needed to model the 
light curve. Furthermore a steady light curve evolution took place between 
November and December 1992 (Cutispoto et al. 1994) concurrently with 
the eruption of a series of violent flares (Neff et aI. 1994). 
One can argue that the flare eruption produces the light curve changes. 
However, in the solar case, spatially resolved observations show that nu
merous flares erupt early in the development of emerging magnetic flux 
region. The largest flares are found to erupt where old and new magnetic 
structures interact with one another. This appears to be the case for both 
HK Lac and HR 1099 flares, even with different manifestations. In the case 
of HK Lac, the emergence of new magnetic flux was marked by the birth 
of a new dark spot group (OUill et al. 1991), while in the case of HR 1099 
it was marked by the formation of a bright photospheric facula. 

5. Condition for flare occurrence and flare rates 

It is observed in the Sun that during its lifetime, an activity complex is 
refreshed by injection of new magnetic flux in the form of bipolar active 
regions, creating the condition for repeated flare events. The solar flare rate 
has been found to be correlated with the complexity index of active regions 
(Bornmann & Shaw 1994). For stellar active regions it is not possible to 
establish a complexity classification as for the solar ones (McIntosh 1990), 
but it is of interest to look for indicators that can give an idea of active 
region complexity. A quick search for useful activity parameters shows that 
light curves may provide the best index of complexity. In this report I would 
like to call the attention on a few cases of high flaring activity and on the 
concurrent behaviour of the light curve. 

Within the discrete spot model approach, light curves are normally fit
ted by one or two large spots or spot groups, and very rarely more than 
two spots are needed. At least in two cases recurrent intense flares occur
red when three spots were needed to fit the light curve complex shape. The 
first case refers to the strong white light and Ha flares of 14-15 Decem-
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ber 1989 on HR 1099 (Foing et al. 1994). The light curve obtained at that 
time was well fitted by two dark spots plus a bright spot (Zhai et al1994). 
The second outstanding case refers to the October, 7 , 1992 - February 6 
1993 continuous radio flaring activity of UX Ari. Also in this case the light 
curve displayed a complex shape that required three dark spots to perform 
a good fit (Elias et al1994). Moreover, Umana et al. (1995a) found a corre
lation between the mean V magnitude of HR 1099 and the radio emission 
flux, indicating that the strongest radio flares occur with higher probability 
when the average V brightness is smaller, i.e. at the times of maximum spot 
coverage. 

Although these represent only few cases and a quantitative parameter 
scale cannot be established, they give representative indirect indications 
that active region complexity favour the onset of strong flare activity in RS 
CVn binaries, in a fashion very similar to the solar case. 

6. Conclusions 

The large energies and long time scales of binary star flares raise the 
problem whether the mechanisms for the energy release and transport are 
the same in binaries and in single stars including the Sun. Differences in 
the morphology of binary outburst light curves seem to be indicative of a 
different magnetic field configuration, and this combined with the derived 
loop heights (which in many cases have the same dimension as the binary 
separation), suggests that the outburst may be of inter-binary nature. Ho
wever the binary configuration appears also relevant in the energy balance 
and storage. Solar flare eruptions take place shortly after (1-2 days) the 
emergence of new flux tubes within an activity complex or nests, and the 
level offlare activity appears to be still high during the subsequent rotation 
(Gaizauskas 1989). If the process in RS CVn stars is similar to that of the 
Sun it is of interest to investigate how long the interaction time between 
magnetic structure is and which stellar properties depends on? 
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STELLAR X-RAY FLARES 

B. RAISCR 
Lockheed Solar and Astrophysics Laboratory 
Dept. 91-30, Bldg. 252 
3251 Hanover St. 
Palo Alto, CA 94304 USA 

1. Introduction and Historical Overview 

What is the importance of stellar X-ray flares to astrophysics, or even more, 
to the world at large? In the case of the Sun, changes in solar activity at 
the two temporal extremes can have quite significant consequences. Long
term changes in solar activity, such as the Maunder Minimum, can appar
ently lead to non-negligible alterations of the earth's climate. The extreme 
short term changes are solar flares, the most energetic of which can cause 
communications disruptions, power outages and ionizing radiation levels 
amounting to medical X-ray dosages on long commercial flights and even 
potentially lethal exposures for unshielded astronauts (Raisch, Strong and 
Rodono 1991). Why does the Sun exhibit such behaviour? Even if we had a 
detailed knowledge of the relevant physical processes on the Sun - which 
we may be on the way to having in hand as evidenced by these Proceedings 
- our understanding would remain incomplete in regard to fundamental 
causation so long as we could not say whether the Sun is, in this respect, 
unique among the stars. 

Since the 1970's we know that the Sun is not unique: Stars emit X
ray flares and this opens the opportunity to test for relationships between 
flaring and such stellar conditions as mass, age, rotation and the like. 

The first stellar X-ray flare detections were the 1974 October 19 event 
on YZ CMi and the 1975 January 8 one on UV Ceti, both observed by the 
Dutch ANS satellite (Heise et al. 1975). This was followed by the 1975 July 
22 EUV flare on Proxima Centauri detected by an astronaut-deployed tele
scope during the Apollo-Soyuz mission (Haisch et al. 1977). Two attempts 
were made to observe flares (on YZ CMi and Prox Cen) with the SAS
C satellite in 1975 and 1977, but without success (see Haisch 1983). The 
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HEAO-1 satellite in its 1977 all sky survey detected X-ray enhancements 
on AT Mic and AD Leo (Kahn et al. 1979). The Ariel V X-ray survey 
(2-18 keY) from 1974-1980 detected a number of transients which were 
later associated with flares (Pye and McHardy 1983). Substantial progress 
began to be made with the the capabilities of the Einstein Observatory 
(1978-1981); much more has followed via Ezosat, Ginga, ROSAT, EUVE, 
ASCA and now XTE. The Ezosat flare results have been nicely summa
rize by Pallavicini, Tagliaferri and Stella (1990). A review of ROSAT flare 
observations has been published by Schmitt (1994). The Annual Reviews 
article by Baisch, Strong and Rodono (1991) is still reasonably current. 

2. Observations of Hot Thermal Emission 

The original "flare stars" were the dKejdMe UV Ceti-type known since 
1948 to undergo visual flaring episodes best observed in the Johnson U
and B-bands where a 10000 to 20000 K optical flare spectrum has the 
advantage of enormous contrast over cool photospheric radiation. Flares in 
various wavelength regimes have now been observed on many different types 
of stars (see Pettersen 1989) and in particular it now appears that X-ray 
flares can be found "on all types of late-type stars" (Schmitt 1994). This 
conclusion is drawn from the ROSAT all-sky survey, carried out in 1990-
91. During the survey, any individual star transited the X-ray telescope 
(XRT), Position Sensitive Proportional Counter (PSPC), 2-deg field-of
view once per satellite orbit for several days, depending upon the star's 
ecliptic latitude. The effective exposure time per orbit reached a maximum 
of 32 seconds. Some stars showed large enhancements during a given scan, 
interpretable as flares which could have started anytime after the previous 
scan and could have lasted up to the next scan. Examples of such X-ray flare 
snapshots are the two isolated single-scan outbursts on the F5 V star 36 
Dra shown in Figure 1 of Schmitt (1994). Other flares are so long-lived that 
they are rather well-resolved even at this coarse resolution: for example the 
event on the G5 III star HR 3922 shown in Figure 2 of Haisch and Schmitt 
(1994). The all-sky survey provided a coarse but unbiased sampling of flare 
activity. 

The benchmark for stellar X-ray flares is the Sun. Solar X-ray monitor
ing has been carried out since 1969 using the Geostationary Operational 
Environmental Satellites (GOES) series of the U. S. National Oceanic and 
Atmospheric Agency (NOAA). The flux at the earth in a rv 1 to 8 A band 
is used to classify flares as type C, M or X. A flare of class M1 would 
have a corresponding peak luminosity of Lz = 2.8 X 1025 ergs S-1 in that 
GOES band (the luminosity in a ROSAT-PSPC-like band would be about 
16 times larger); a flare of class M2 would be twice as energetic; a flare 
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of class Xl would have ten times the power, etc. (Sawyer, Warwick and 
Dennett 1986). At solar maximum the Sun undergoes f'V 600 M-flares and 
f'V 40 to 60 X-flares per year; at solar minimum there are typically one to 
two dozen M-flares per year with X-flares being quite unlikely to occur at 
all (see Table 1 in Haisch, Antunes and Schmitt 1995 for a summary over 
the past 25 years). How do stars compare to this? 

Most flares have naturally been considerably more energetic: Owing 
to stellar distances and instrumental detection limitations, the most in
trinsically powerful events are the ones observed. Moreover, while we can 
with considerable confidence extrapolate from the generally softer energy 
regimes of Einstein, Exosat and ROSAT to the GOES band, it is desire able 
to actually have overlapping measurements. The ASCA satellite, whose 
wavelength regime is f'V 1 to 24 A, has done this, monitoring Prox Cen over 
23 satellite orbits in March 1994 and succeeding in detecting a number 
of low-level flares that correspond to solar M-flares (Haisch, Antunes and 
Schmitt 1995) at a rate that appears to be somewhat in excess of the Sun 
at maximum (f'V factor of two). A two-temperature fit to the summed flare 
data using the Mewe-Kaastra (MEKA) plasma code yielded 0.63±0.01 and 
3.83±0.67 keY, i.e. 7.3 and 44 MK. This average over several events would 
appear to be significantly higher than even the peak of the 1980 Einstein 
flare: 27 MK (Haisch et al. 1983). While a few rare solar flares have been 
observed with temperatures as high as 50 MK (Garcia and Mcintosh 1992), 
what we would expect to measure if the Sun were observed by ASCA (or 
Einstein) would be a maximum temperature during the event of 25 MK or 
less (Doschek and Feldman 1987, Doschek and Tanaka 1987). These ASCA 
observations constitute the lowest level of credible stellar X-ray flare de
tection and, overall, provide a reassuring indication that solar and stellar 
flares are fundamentally the same phenomenon. 

At the other extreme are such superflares as those on the RS CV n 
stars UX Ari observed by Ginga (Tsuru et al. 1989) and AR Lac de
tected by ROSAT (Ottmann and Schmitt 1994), both with LII! f'V 2 X 1032 

ergs S-1. A flare on the RS CVn star CF Tuc lasted 9 days and released 
Ell! f'V 5 X 1036 ergs (Kiirster 1994). Although less energetic in an abso
lute sense, X-ray flares on the dM6e star AZ Cnc and on the KO V star 
197890 ("Speedy Mic") attained X-ray to bolometric luminosity ratios, 
LII!/ Lbol f'V 0.08 (Schmitt 1994), constituting significant perturbations on 
the total power output of these stars. 

The most energetic flares in terms of spectral distribution are those 
observed by the Japanese Ginga satellite in the 1.5-37 keY range. These 
include the observations ofthe RS CVn binary systems II Peg (6.7-d period) 
by Doyle et al. (1991) and UX Ari (6.4-d) by Tsuru et el. (1989), and of the 
eclipsing binary Algol (2.87-d) by Stern et al. (1992). The large flares that 
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were observed have peak luminosities in the range Lz f'V 1031 to 2 X 1032 ergs 
s-1 and peak temperatures of T f'V 65 to 80 MK. The highest temperature 
measured during any flare is T f'V 100 MK, both on the dMe star EQ 
1839.6+8002 (Pan et al. 1995) and possibly during one of the UX Ari flares 
(Tsuru et al. 1989). 

At such high temperatures lines of highly ionized iron, primarily Fe 
XXV at 6.7 keY, are a detectable feature in Ginga spectra, and the be
haviour of these lines is interesting. In the II Peg, UX Ari and Algol flares, 
the equivalent width of this feature, actually a composite of several lines, 
is significantly less than calculated from models assuming solar abundance 
and an optically thin emitting plasma. A depression due to opacity is cer
tainly possible but cannot explain reductions of up to a factor of 5; the most 
likely explanation is that the flaring plasma has a different and sometimes 
measurably variable abundance (cf. Stern, these proceedings). Moreover 
such an abundance deficiency cannot be explained by the first ionization 
potential (FIP) effect, since at 7.9 eV Fe is an easily ionized element and 
would thus, if anything, be overabundant (see Drake, Laming and Widing 
1995 for entry into the FIP literature). 

3. Searching for Impulsive Emission 

There is no indication of any impulsive, non-thermal emission in the Ginga 
flares. When higher spectral resolution with greater sensitivity becomes 
available, with the AXAF transmission grating spectrometers for example, 
it will be possible to separate such prominent high-temperature lines as Fe 
XXV (6.7 keY) from low ionization Ka lines, such as Fe II at 6.4 keY. Pho
toionization by X-rays above 7.11 keY or collisional ionization by particle 
beams of the ground-state electron result in an inner-shell transition of this 
sort. It is well known from solar flares that inner-shell ionization of neutral 
or near-neutral Fe occurs (see Bai 1979) and that such a Ka line originat
ing in cool gas subject to photoionizing flux or a particle beam often tracks 
the hard X-ray flux (see Figure 4 of Emslie, Phillips and Dennis 1986). 
The model of Bai (1979) is one assuming photoionization as the mecha
nism and the process is termed Ka-fluorescence. His calculations suggested 
a f'V 1 to 3 percent efficiency for conversion of continuum hard X-rays into 
Ka-fluorescence during the impulsive phase of a solar flare. 

We applied this model in a very rough way to a stellar situation by 
equating the peak Lz for an observed flare on Prox Cen with a presumed 
impulsive HXR burst, a simple (if not simplistic) application of the "Ne
upert effect" (Neupert 1968, Dennis and Zarro 1993). This then allowed 
us to predict how many ASCA counts there would be during an impulsive 
event on Prox Cen at the onset of a flare equivalent to the 4 ct s-1 ROSAT 
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PSPC event measured during the all sky survey (see Figure 4 of Schmitt 
1991). This admittedly optimistic model predicted about 100 to 300 counts 
for the ASCA detectors during an impulse Ka-fluorescence burst. None 
of the flares observed by ASCA during its monitoring of Prox Cen were 
as energetic in soft X-ray as assumed in the model (Haisch, Antunes and 
Schmitt 1995). Nonetheless, there was no indication of any impulsive Ka 
emiSSIOn. 

Theoretical calculations of the relationship between hard and soft X-rays 
do indicate that there should be a Neupert effect-like correlation between 
the hard X-ray time profile and the derivative of the soft X-ray light curve 
in the beam heating model but not in the superthermal model (Li, Em
slie and Mariska 1993). Forthcoming observations of flares using XTE will 
search for rapid variations in the soft X-ray flux on Prox Cen, AR Lac and 
other stars. Another way to express the Neupert relationship is to equate 
the time integral of hard X-ray emission up to some point with the cur
rent value of the thermal soft X-ray emission. Hawley et al. (1995) have 
recently interpreted comparison of the time integral of U -band with EUV 
luminosity during a flare on AD Leo in this way. 

With a single possible exception all X-ray emissions detected to date ap
pear to originate in the thermal phase; X-ray impulsive emission has not yet 
been observed in stellar flares. The single exception is intriguing and owes 
its discovery to the availability of simultaneous optical photometry. UV 
Ceti was monitored by a high-speed multisource, multicolor photometer, 
specifically designed for stellar flare observations, operating at the Wen
delstein Observatory in Bavaria in January 1992 during a ROSAT PSPC 
pointing. Two optical spikes were detected in the U - and B-bands. The 
normally processed X-ray light curve showed a typical gradual event follow
ing the second optical burst. However, alerted to the presence oftwo optical 
bursts, a search was done for clustering of X-ray photons by examining the 
behaviour of a constant-count binned light curve. This is possible to do 
since every photon is time-tagged to rvmillisecond accuracy. The result was 
the presence of X-ray bursts with durations of rv12 s. With this resolution 
the gradual phase event appears to consist of a dozen or so bursts, but more 
mysterious is the fact that both optical spikes are followed by X-ray bursts 
with a time delay of rv30 s. The statistics of this, including the sticky issue 
of how to allow for the degrees of freedom permitted by varying the search 
windows, are presented in Schmitt, Haisch and Barwig (1993). While it is 
possible that these soft X-ray bursts could be the low energy tails of hard 
X-ray emission from particle beams, the time delay does not yet have a 
plausible explanation. 
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4. Discussion 

Turning briefly to analytical tools, there are basically two models that have 
been applied to the thermal or decay phase ofthe X-ray light curves of stel
lar flares. The quasi-static cooling loop model has been developed most by 
van den Oord, Mewe and Brinkman (1988); the two-ribbon flaring model 
has been developed by Kopp and Poletto (1984). They make fundamentally 
different assumptions: the first model assumes that changing plasma con
ditions within a single loop give rise to the observed flare characteristics; 
the second assumes that over the course of the event different loops become 
activated. Both analyses have been applied to the same flare: viz. the Po
letto et al. (1988) and the Reale et al. (1988) analyses of Prox Cen; also 
the Schmitt (1994) analyses of EV Lac. The bottom line, unfortunately, is 
that it does not yet appear to be possible to differentiate between low den
sity, large structures and high density, compact ones on the basis of these 
models and the existing flare light curves. (Flare light curves are of course 
complicated by the situation that, without spatial resolution, one cannot 
separate out the combined signature of multiple, overlapping flares.) 

Attempts to understand flares by studying ratios of emission in dis
parate wavelength regimes has a long history. Twenty years ago Mullan 
(1976) proposed a theory predicting ratios of X-ray to optical luminosity 
during flares. This was a laudable attempt to develop a quantitative rela
tion between high temperature coronal plasma properties and the response 
of a heated chromosphere, but it was quickly found to be at variance with 
new flare observations (Haisch et al. 1977). Indeed, the ratio Lz/ Lopt varies 
between zero and infinity over the course of a flare. Nevertheless, could 
such a type of ratio still have significance as an average over a flare? Butler 
et al. (1988) found what appeared to be a striking correlation between a 
chromospheric line (Hi) and Lz applicable over four orders of magnitude 
to both solar and stellar flares, and this relationship was found to extend 
another two orders of magnitude recently (Butler 1993). This would be 
quite a significant result, however on looking at 370 solar flares in detail, 
classified simultaneously in Ho: and as GOES-events, it became clear that 
while the proposed relationship is true on average over many flares, for any 
given flare the deviation from the relationship can be very large: a spread 
of up to three orders of magnitude in Lz for a given Ho: emission (Haisch 
1989). The conclusion is that ratios of coronal to chromo spheric emission 
vary substantially both during a flare and from flare to flare; only the time
and event-averaged ratios show a credible correlation. 

Flares and coronae are thought to go hand in hand, and indeed the 
concept that coronal heating is really a flare-like process is still a debated 
but viable concept. (The issue of coronal heating is so vast a topic that 
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the place to enter the literature might be Zirker's 1993 "review of reviews"; 
also the Ulmschneider, Priest and Rosner 1991 volume; and recently Cargill 
1994). The most current discovery on the stellar side relevant to this is the 
finding of a uniform soft X-ray to microwave relation ranging from solar 
microflares to stellar coronae, suggesting that "the heating mechanism of 
active stellar coronae is a flare-like process" (Benz and Giidel 1994). 

This is relevant to the proposal of Kashyap et al. (1994) that the hybrid 
star Q Trianguli Australis is an X-ray source on the basis of flaring, not 
steady emission. This late-type star (K4 II), and the other dozen or so 
luminosity class II or III K giants defining the hybrid star category appear 
to manifest both massive cool wind signatures and X-ray emission. It is 
thought that in most stars these two characteristics are mutually exclusive, 
owing to a phase transition across a dividing line in which coronae disappear 
(see Haisch, Schmitt and Fabian 1992 and references therein for entry into 
the stellar dividing line issues). The proposal that Kashyap et al. and Rosner 
et al. (1994) make is that X-rays from hybrid stars are solely due to flares, 
and that this is an indicator that large-scale magnetic dynamo activity 
is being replaced by much smaller scale magnetic structures. This would 
be an important discovery about stellar evolution, but it is not clear how 
to interpret the significance of their observation if all coronal heating is 
flare-like. 

Although the majority of flare observations have come from such prolific 
sources as dKejdMe stars and RS CVn binaries, it would not be surprising 
to detected a flare on any type of star that shows coronal emission. But what 
is one to make of a flaring Be star? A 30 ks ROSAT PSPC observation of A 
Eri (B2e) shows a normal level of X-ray emission for a hot star presumably 
with a radiatively-driven wind. A substantial flare then takes place with 
flux levels enhanced by a factor of 6 and a duration of ,,-,50000 s. The 
following day the X-ray luminosity has returned to the preflare level and 
remains constant for the remainder of the observation, approximately half a 
day (Smith et al. 1993). The analysis of the event yields a peak luminosity, 
L:J! "-' 4 X 1031 ergs s-1 and a temperature of 14 MK. IUE and optical 
spectra do not support any binary explanation, and Smith et al. argue for 
"violent magnetic activity on some B-type stars." 

The possibility of having flares on Be stars, or in accretion disks, or in 
magnetic structures connecting two stars, all of which have been proposed, 
certainly make X-ray flare studies a challenging field. 
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HARD X-RAY EMISSIONS FROM PROTOSTAR CANDIDATES 
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Abstract. We have carried out a systematic survey of hard X-rays from the 
core of molecular clouds with the ASCA satellite and discovered hard X-rays 
from protostar candidates (class I objects) in the cores ofthe dark clouds R 
CrA and p Oph. The X-ray spectra of protostars have higher temperatures 
and larger absorptions than those of T Tauri Stars (TTSs). The protostars 
exhibited flare-like activity with the fast rise and slow decay, which is similar 
to TTSs. The temperature increases rapidly and decreased gradually. We 
found striking feature in the X-ray spectrum of Rl: unusually flat spectrum 
and two emission lines at 6.2 and 6.9 keY. Possibly the unusual hard X-ray 
spectrum have close connection to the jet-like radio structure. 

1. Pre-Main Sequence Stars 

Infrared spectrum may be useful to understand the evolution of pre main 
sequence stars (PMSs). As a star evolves, we can classify the stars as class 
1 to 3. Classes 2 and 3 may be called as TTSs which is divided to CTTS 
(class2) and WTTS (class3). Class 1 may be younger than TTS and can be 
called as protostars. 

The Einstein and ROSAT satellites found TTSs are strong X-ray sources 
with a temperature of about 1 keY. As for protostars, whether it is also 
X-ray source or not has been unclear. Because protostar may be deep inside 
a molecular cloud, hence most X-rays in the Einstein and ROSAT band are 
invisible behind the large NH • 

Now we have the ASCA satellite, which has an imaging capability in 
high energies up to 10 ke V, and can see deeply into the molecular cloud in 
which a protostar may reside. 
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2. The ASCA Satellite 

ASCA carries 4 telescopes with grazing-incidence X-ray optics. The tele
scope has multi-nested (119 layers) thin-foil conical mirror. This technology 
provides us a large effective area in the high energy band. The effective 
area and energy band of XRTs are both larger than those of Einstein and 
ROSAT. The focal plane detectors are two CCD cameras (SIS) and two 
gas counters (GIS). The SIS has good energy resolution as is demonstrated 
by many SNR spectra. The GIS has a higher detection efficiency above 
t'V 3 keY than SIS. 

3. The R Cr A Dark Cloud 

The R CrA dark could is one of the nearest star-forming regions, at a 
distance of 130 pc. The central core of the molecular cloud is located near 
the variable star R CrA, and contains many infrared and radio continuum 
sources. It is referred to as the Cornet cluster (Taylor and Storey 1984). We 
made X-ray images of the cloud center with SIS in the 0.5-2 keY (the soft 
band) and 4-10 keY (the hard band) separately. The soft X-ray band image 
is similar to that of the Einstein and ROSAT images, showing several point 
sources around this molecular could. Most of the point sources are already 
identified as the Herbig Ae/Be or T-Tauri stars. However the cluster center 
is dark in the soft X-rays. 

The image of the hard X-ray band is completely different form the soft 
X-ray band. The soft band sources disappear while new and bright hard 
sources appear at the cloud center associated with the positions of the class 
1 IR sources. We find agreement of the hard X-ray peak positions to the 
class 1 source within an error of 20". 

The detected sources are given in Table 1. With the hardness ratio, 
we can have a clear idea of the difference between TTS or class III and 
protostar class I sources. Class I sources definitely have harder spectra and 
larger absorption than those of class Ills. Most of the hard X-ray photons 
came from the most dense cloud core, including R1, where double radio 
peaks were found on both sides. 

The spectra of WTTS shows a temperature of about 1 keY while the 
hard sources shows very flat continuum and strong emission line at about 
6.2 and 6.9 keY. The temperature of this source was higher than 10 keY. 
I also note that form this source, the radio jet source R1, we observed a 
beautiful X-ray flare. 



TABLE 1. X-ray Source List 

No (Q'1950, 81950 ) Candidate( <20") Class 

1 18 58 19.4, -37 02 47 IRS2=TSI3.1 I 
2 185824.7, -37 01 36 IRS5=TS2.4 
3 18 58 28.3, -37 02 19 IRSl=TS2.6=HH100IR=VSS15 
4 18 58 28.6, -37 00 54 IRS6=TS2.3 
5 18 58 31.9, -37 01 29 IRS7=Rl 
6 16 24 08.4, -24 30 15 EL29=YLW 
7 16 24 20.0, -24 22 58 WL6=YLWI4 

8 16 24 26.0, -24 32 51 YLWI6B=IRS46 

Ref. Taylor and Storey(1984), Wilking et al.(1992), Wilking, Taylor Storey 
(1986), Zinnecker and Preibisch(1984), Walter and Kuhi (1981), Andre and 
Montmerle(1994), Elias(1978), Lada and Wilking(1984), Wilking, Lada, and 
Young(1989). 

4. The p-Oph Cloud 
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The p-Oph dark cloud is also one of the wellknown nearest star forming 
region, located 165 pc form our solar system. We also made separate X-ray 
images using SIS in the 0.5-2 keY (the soft band) and 2-10 keY (the hard 
band) near the center of the dark cloud. The soft X-ray band sources are 
found around the molecular could which are classified as T-Tauri stars or 
class II or III sources. Again the central part of the cloud is dark in the 
soft X-rays. 

In the hard X-ray band, 5 new sources appear near the cloud center. 
Two of the sources coincide with the class I objects, which are EL29 and 
WL6. From EL 29, we found a hard X-ray flare. The plasma temperatures 
of the flare and the quiescent states were about 7 keY 2.5 keY, respectively. 
Even in the hard X-rays, we found no point source at the center of the 
cloud. However we found excess emission. We made an x-ray spectrum 
from this central region using the GIS detector. The ASCA GIS spectrum 
shows optically thin thermal plasma emission with kT=3.6 ke V and 0.3 of 
the cosmic abundance. Therefore, many unresolved X-ray sources with a 
mean temperature of 4 ke V could be lying near the could core, significant 
fraction of which could also be protostars. 

5. Summary 

(1) We detected absorbed hard X-rays from class I sources. The non detec
tion of class I sources with the previous X-ray instruments is undoubtedly 
due to the heavy absorption. 
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(2) X-ray spectra of protostars have higher temperatures than TTSs. 
(3) We found flare-like activity from protostars with a fast rise and slow 
decay, which is similar to that of TTSs. The temperature also rapidly and 
decreases gradually. 
(4) The radio-jet source Rl showed a striking X-ray spectrum with very 
flat shape and emission lines at 6.2 and 6.9 keY. A "crazy" idea is that 
these lines are blue and red-shifted iron K-shell emission in the analogy of 
SS433. 
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Abstract. The most well-known "Young Stellar Objects" are the T Tauri stars, 
i.e., young, solar-type stars, first detected in X-rays by Einstein. With ROSAT and 
ASCA, the family of X-ray emitting young stars has been extended to protostars. 
X-ray emission is only related to surface magnetic phenomena, independently of 
the amount of circumstellar material. Although other forms of variability have been 
observed, solar-type flares are the main form of X-ray activity (at levels typically 
102 - 103 higher than on the Sun). However, general X-ray properties bring no 
clearcut proof that the classical dynamo mechanism operates in YSOs. 

1. What are "Young Stellar Objects"? 

The surface activity on the Sun is particularly visible in soft X-rays, as 
shown by Yohkoh (this Colloquium). Since the Sun arrived on the main 
sequence, rv 4.5 X 109 yrs ago, this activity has been relatively constant, with 
only a slow decline, as inferred from recent ROSAT results on a selected 
sample of main sequence solar analogs of various ages (Giidel & Guinan 
1996). But what happened before, in the pre-main sequence phase? 

To answer this question, we should first consider young stars known 
as "T Tauri stars" (for reviews, see, e.g., Bertout 1989). Their ages are 
T rv 105 - 107 yrs, with masses M* rv 0.5 - 2M0' radii R* rv 2 - 3R0 , and 
bolometric luminosities L* rv 0.1 - 10L0 ; they are "cool stars" (spectral 
types G to M, i.e., Tejj ,* rv 3,000 - 5,000 K). They have deep convective 
outer layers, a very important factor to explain their surface activity. 
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Observationally, the T Tauri stars are characterized by emission-line 
spectra (in particular Het). They also display correlated UV and IR excesses 
with respect to a cool blackbody stellar photosphere. The IR excess is 
currently associated with a circumstellar disk (e.g., Andre 1996, Sargent 
1996), and the UV excess and emission lines are thought to be produced 
by some form of interaction between the (magnetized) star and the disk. 

The access to new wavelengths has revealed objects closely related to T 
Tauri stars, forming a family usually referred to as "Young Stellar Objects", 
or "YSOs". (i) In the IR, many objects display an excess much larger 
than for the visible T Tauri stars, interpreted in terms of an extensive 
circumstellar envelope (e.g., Wilking, Lada, & Young 1989; Adams, Lada, 
& Shu 1987; Andre & Montmerle 1994). Their age is rv 104 - 106 yrs. (ii) 
In the X-ray domain, a new category of young stars has been d~scovered by 
Einstein: the so-called "weak-line T Tauri stars" (WTTS for short). These 
stars basically share all the characteristics of the previously known T Tauri 
stars (dubbed "classical" T Tauri stars, or CTTS), except for the emission 
lines, IR excess, etc. The WTTS are now understood as being diskless, or 
at most with faint disks with no interaction with the star. The transition 
CTTS -7 WTTS corresponds to the dissipation of the circumstellar disk, 
which is not understood. 

2. X-ray emission from T Tauri stars: generalities 

Whether or not there is a difference in the X-ray properties of CTTS and 
WTTS is somewhat debated. Present results show that, close to molec
ular clouds, CTTS and WTTS are similar (Feigelson et al. 1993, here
after FCMG; Casanova et al. 1995, hereafter CMFA), while WTTS may 
be brighter than CTTS farther away (Neuhauser et al. 1995). At any rate, 
there is no indication of X-ray emission associated with the circum stellar 
disks of CTTS, which means that the X-ray emission of T Tauri stars is a 
purely stellar phenomenon. 

The X-ray emission mechanism is thermal bremsstrahlung, from a hot 
plasma (ne rv 1010 _10 12 cm-3 , Tx ~ 1 keY). However, combined ROSAT
ASCA observations have shown that spectral fits with a single temperature 
are generally poor, and that two temperatures and/or non-solar abundances 
give much better fits (e.g., Carkner etal. 1996). 

Another important feature of the X-ray emission from TTS (CTTS and 
WTTS alike) is the strong time variability. Already well established with 
Einstein (e.g., Montmerle et al. 1983), flaring activity is now seen to be 
commonplace in TTS of both kinds, and light curves basically support 
the idea of enhanced, solar-like flares. This early X-ray result is strongly 
supported by optical and near-UV results, which show, for instance, the 
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existence oflarge starspots, covering up to 30 % ofthe stellar surface (e.g., 
Montmerle et al. 1993). 

3. The new observational picture 

In recent years, a number of programs have been undertaken to study var
ious regions of star formation, and in particular low-mass stars, with the 
ROSAT and ASCA satellites. Combining them has obvious advantages: 
the best features of ROSAT are the large field of view of the PSPC instru
ment (2°), which allows to map molecular clouds with one, or at most two, 
exposures; its improved sensitivity, and its good angular resolution. On the 
other hand, ASCA has a smaller field of view, a poorer angular resolution, 
but excellent spectral properties (high resolution, wide energy range). 

Observing nearby clouds (d "" 150 - 300 pc) allows a sensitive study of 
YSOs in X-rays. Works published so far include the Cha I cloud (d::: 200 
pc: FCMG), the p Oph cloud (d ::: 160 pc: CMFA), the L1551 cloud in 
Taurus (d ::: 150 pc: Carkner et al. 1996), and the IC348 cluster (d ::: 300 
pc: Preibisch, Zinnecker, & Herbig 1996). Other regions are under study, 
either by us or by other authors (see, e.g., Caillault 1995). 

In each of these regions, several tens of sources are found. Based on 
cross-identifications with existing catalogs, optical plates, IR surveys, etc., 
or on follow-up observations (for instance, search for Ha emission, and Li 
absorption which is an indicator of youth), it can be shown that almost all 
the X-ray sources are indeed YSOs. 

4. Studies of X-ray time variability 

Because both ROSAT and ASCA have a low-altitude orbit, they cannot 
in general observe a given region in the sky continuously. Their detectors 
must be shut off every time they pass within the so-called South Atlantic 
anomaly. This produces gaps of at least half an hour in the data. Since 
flaring events, for instance, usually have durations of that order, a complete 
light curve is in general impossible to obtain. The exposures performed 
between the gaps are usually referred to as "orbits". 

4.1. EXAMPLES AND CHARACTERISTICS OF T TAURI FLARES 

4.1.1. LkHa 332-20 
This star, located in the Cha I cloud, is a K2 CTTS, of age"" 5 X 106 yrs. It 
has been observed with the ROSAT PSPC (Feigelson et al. 1993), in three 
orbits of duration"" 2,000 sec, separated by gaps of duration"" 3,000 sec 
(See Fig. 1). The maximum observed luminosity occurred at the end of the 
second orbit, at a level"" 20 times higher than the "quiescent" (7) state 
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Figure 1. Light curve of the CTTS LkHa 332-20, obtained with ROSAT(Casanova 
1994). 

of the first orbit, LX,max rv 3.5 X 1031 erg S-l. This luminosity, which is 
a lower limit to the true value since the count rate was still rising when 
the exposure was interrupted, is among the largest detected (ROX-20, a 
WTTS discovered by Einstein, Montmerle et al. 1983; see below). Then the 
luminosity decreased by a factor rv 2 during the second gap. Looking at the 
data, the event can be approximately described as having occurred shortly 
before the second orbit, with a rise time of ~ 2,300 sec, and an e-folding 
decrease timescale of ~ 9,000 sec. 

Each exposure can be analysed separately. Although the light curve 
is far from complete, the time behaviour and the overall spectral shape 
suggest a flare event with thermal emission from a hot plasma. We take a 
Raymond-Smith model, and look for X2 fits to the spectrum as a function of 
the column density N H and the X-ray temperature Tx. The best-fit values 
are summarized in Table 1. 

The flaring hypothesis is supported by the temperature behaviour: heat
ing from 0.8 keY to ~ 2.2 keY, followed by cooling, down to rv 1.5 keY. 
Assuming cooling to be radiative, one obtains a plasma density ne rv 1011 

cm-3 , and from the luminosity a loop size 1 rv 5 X 1010 cm (rv 0.3R*). 
The column density N H is well constrained at the higher temperatures, 
which match better the 0.4 - 2.4 keY energy range of the PSPC; there is 
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TABLE 1. Spectral fits: LkHQ' 332-20 

Orbit Tx(keV) logN H(cm-2) Lx (1030 erg 8-1 ) 

1 0.8 20 - 22 1.7 

2 > 2.2 21.3 ± 0.1 35 

3 '" 1.5 21.2 ± 0.1 29 

no constraint for the lowest temperature (Casanova 1994). 

4.1.2. LkHa 92 
This star is located in the IC 348 young star cluster. It is a""' K-type CTTS. 
A strong flare has been detected during a ROSAT PSPC observation. The 
light curve (Preibisch, Zinnecker, & Schmitt 1993; their Fig. 1) comprises 
5 different orbits. This observation is more conclusive than in the case 
of LkHa 332-20, because the maximum luminosity Lx,max was reached 
during the second orbit, and the decrease observed in the course of the 
second orbit smoothly matches an exponential behaviour between Lx,max 
and the quiescent state observed in the first and last orbits. The parameters 
derived from spectral fits with a thermal spectrum are comparable to those 
of LkHa 332-20, with a somewhat higher Lx,max ""' 5 X 1031 erg S-l, but 
with a significantly higher -and unusually high- maximum temperature 
(4.3 ± 1.6 keY). 

4.1.3. Flaring sources in the p Ophiuchi cloud 
This region was observed with the ROSAT PSPC in three observing ses
sions, lasting from ""' 1 h to "" 20 h, separated by 4 days and 6 months, 
respectively, and for a total of 21 orbits (Casanova 1994, Casanova et al. 
1995). Fig. 2 shows the time behaviour of a sample of eight of the most vari
able sources, which comprises a variety of T Tauri stars: CTTS, WTTS, and 
also an embedded source without optical conterpart. In spite of their mor
pholological differences, the light curves are very similar: there is evidence 
for a more or less quiescent level, and for large variations over times cales 
of a few hours, with a rapid rise (duration Tr ~1 hr) followed by a slow 
decrease (duration Td ""' several hrs); the variation amplitude is typically 
a factor ~ 10. This is very reminiscent of the two flares reported above, 
albeit with smaller maximum observed luminosities: Lx,max ~1031 erg S-l. 

These sources however have a good SIN ratio. What about weaker 
sources ? Because the statistics are too low, it is meaningless to draw light 
curves. It is nevertheless possible to apply a Kolmogorov-Smirnov (K-S) 
test of variability (using for instance the AS URV statistical package, La 
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Valley, Isobe & Feigelson 1992) to the whole sample of 93 ROSAT sources. 
Figure 3 shows the K-S variability indicator k, vs. the S / N ratio. Sources 
with 99% probability of variation have k > 1. On the other hand, sources 
with S / N ~ 4 may be statistical background fluctuations. There is a good 
correlation between k and S / N, even when the statistical confidence for 
existence and/or variability is poor. This suggests that the p Oph X-ray 
sources are all variable, WTTS and CTTS alike (in a statistical sense), 
the S / N ratio being the only limiting factor to detect the variability of 
individual sources. 

4.2. OTHER TYPES OF VARIABILITY 

The analysis of the very large database resulting from the p Oph PSPC 
observations reveals other types of variability which cannot be explained 
by flares, i.e., for which Tr is not < < Td. 

4.2.1. SR 13 
This star is an M2.5 CTTS with an estimated age'" 106 yrs. Its period 
Prot is poorly determined, but is on the order of several days (see Casanova 
1994). Fig. 4 shows the light curve of SR 13 during the last 12 orbits ofthe 
PSPC observation, i.e. for an overall duration of'" 19 hrs. The luminosity 
rises slowly during the first 5 orbits ('" 7 hrs), then declines roughly back 
to the initial level after 7 orbits ('" 12 hrs). The spectral analysis (including 
an average of the first, "pre-event", 9 orbits) yields Table 2. 

TABLE 2. Spectral fits: SR 13 

Orbits Tx(keV) logN H(cm-2) Lx (1030 erg S-1) 

1 - 9 ",1.1 20.8~~:~ 1.2 
10 - 14 ~1.1 20.8 ± 0.2 3.2 

15 - 21 '" 1 20.8 ± 0.2 2.4 

The maximum luminosity is thus only'" 2.5 times higher than the "pre
event" luminosity. More remarkably, there is essentially no change in the 
plasma temperature, which remains Tx '" 1 keV. This last result clearly 
confirms that we are not dealing with a flare. It is possible to model the light 
curve in terms of a plasma loop initially "rising" over the star's horizon, 
then cooling with an e-folding time'" 104 sec as it moves towards the 
observer following the star's rotation. A good fit to the X-ray light curve is 
then obtained for Prot'" 3 days. The plasma parameters are ne '" 5 X 1010 

cm- 3 , and 1", 3 X 1010 cm, or '" 0.2~ (see Casanova 1994 for details). 
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Figure 2. Light curves of eight TTS in the p Oph cloud, as observed with ROSAT 
(Casanova 1994). They are all WTTS, except EL 20 and SR 9; one has no optical 
counterpart. 
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Figure 3. Kolomogorov-Smirnov variability indicator k, as a function of the SIN 
ratio, for the p Oph ROSAT sources (Casanova 1994). All sources show some 
variability; dots: CTTS; circles: WTTS; crosses, new WTTS. 

4.2.2. DoAr 21 
This star is a KO WTTS, with an estimated age < 106 yrs. Eruptions have 
been observed in the past with Einstein and in the radio with the VLA 
(Feigelson & Montmerle 1985). In the course of the ROSAT observations 
reported here, however, no significant variations were seen within the three 
observing sessions (see Fig. 5). No variability was detected by ASCA either 
(Koyama et al. 1994), with a significantly higher plasma temperature than 
average for a T Tauri star (Tx rv 2.4 keY). However, over the rv 8-month 
interval between the second and the third observing session, the luminosity 
decreased by a factor rv 2, which is quite typical of TTS. 

Such a behaviour is difficult to explain in simple terms like the preceding 
examples. Over several years of monitoring with the VLA, the radio flux 
of DoAr 21 (as that of other T Tauri stars) shows changes of a factor of rv 

2, with an occasional flaring event (Stine et al. 1988). Also, the star was 
discovered in 1949 via its relatively strong Het emission, which has disap
peared since (e.g., Montmerle et al. 1983, Feigelson & Montmerle 1985). It 
seems that DoAr 21 undergoes more or less erratic changes in activity, but 
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Figure 4. Light curve of the CTTS SR 13, over the last 11 ROSAT orbits (Casanova 
1994). This variability is not due to flaring, but rather to an eclipsing plasma. 

the existing time and wavelength coverage of this star is not adequate to 
understand its behaviour (binarity has been searched, but seems excluded). 

5. The case of protostars 

Going one step backward in time, what is the status of the X-ray emis
sion of stars younger than T Tauri stars? Some advances have been made 
recently with ROSAT and ASCA. In the p Oph core, CMFA found as pos
sible counterparts to ROSAT sources a few so-called "Class I" IR sources 
(interpreted as evolved protostars surrounded by a tenuous circumstellar 
envelope); Koyama et al. (1996) found ASCA sources in the R CrA cloud 
also associated with Class I protostars. In both cases, however, the angular 
resolution is not good enough to exclude confusion with other IR sources. 

Whatever the exact nature of the ASCA sources, a strong variability 
has been observed in the R CrA cloud core. This event is described in 
detail by Koyama (this conference). The timescales involved (Tr « 105 s, 
Td f'V 105 s) suggest a "normal" flare; however, the very high temperature 
reached (f'V 10 keY), and the fact that the 6.7 keY line appears double, are 
most unusual. A tantalizing conclusion is that such high temperatures are 
some signature of a very young object. In this respect, it is interesting to 
note that the very young CTTS XZ Tau shows, in addition to its "normal" 
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Figure 5. Light curve of the WTTS DoAr 21, over three ROSATorbits (Casanova 
1994). Non-flaring random variability of a factor'" 2 is common among TTS. 

::::; 1 keY spectrum, a high-energy tail extending up to several keY (Carkner 
et al. 1996). 

6. Concluding remarks 

6.1. X-RAYS ARE GOOD PROXIES FOR MAGNETIC FIELDS 

The most likely interpretation of the existence of X-ray emissiOill from 
YSOs, and in particular T Tauri stars, is that their surface is covered with 
large volumes of hot plasma, independently of the presence of circumstel
lar matter. Best determined in the case of flares, the plasma pr~perties 
(densities, temperatures, etc.) are in general quite comparable to the so
lar ones, but with an activity level enhanced several orders of magnitude 
with respect to the Sun. This solar analogy, in view of the Yohkoh results, 
strongly support the idea that the plasma is magnetically confined. Then it 
can be shown that the high luminosities reached (up to "" 105 L X,0) may be 
explained by the large size of the magnetic loops (I ~1- 3R*) (Montmerle 
et al. 1993). 
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6.2. IS THERE EVIDENCE FOR THE DYNAMO MECHANISM? 

Since YSOs are strongly convective, one is then particularly anxious to 
use X-rays to test the paradigm of magnetic field generation, the dynamo 
mechanism. Unfortunately, the picture is so far fairly confusing. On the 
one hand, the strong correlations between the X-ray luminosity and global 
stellar parameters (such as L x ~ 10-4 L bol ) are not predicted by the classical 
dynamo mechanism (see FCMG and CMFA for details, and Montmerle et 
al. 1994). Also, there is at best a weak evidence of a correlation between 
X-ray luminosities (or surface fluxes) and rotation velocities ; while such 
a correlation seems to exist for a sufficiently large sample of TTS (e.g., 
Bouvier 1990), it is not the case for TTS belonging to the same star-forming 
region. On the other hand, if the generally higher level of X-ray activity 
of WTTS with respect to CTTS over large areas in the sky, advocated by 
Neuhauser et al. (1995), is confirmed, it may be consistent with the current 
scenario of CTTS --1- WTTS rotation evolution. 

In this scenario, the circumstellar disk of CTTS is magnetically an
chored to the star (see, e.g., Hartmann, Hewett, & Calvet 1994), so that 
momentum exchange between the star and the disk ensures a constant ro
tation velocity; when the disk disappears, angular momentum conservation 
of the newborn WTTS implies an increase of the rotation velocity as the 
star contracts towards the main sequence, which, according to the classical 
dynamo, implies in turn an increase in the X-ray activity. 

However, the real picture must be more complicated, because the same 
kind of X-ray correlations between global stellar parameters still hold at 
this stage. So, even if in principle T Tauri stars are a particularly interesting 
site to study the generation of stellar magnetic fields, its true mechanism 
so far remain largely unclear. 
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RADIO EMISSION FROM SOLAR AND STELLAR FLARES 

T. S. BASTIAN 
National Radio Astronomy Observatory 
P. O. Box '0', Socorro, NM 87801, USA 

1. Introduction 

Flare activity on stars is an important aspect of the general question of 
stellar activity. The proximity of the Sun allows us to study the flare phe
nomenon in considerable detail. To what extent does our knowledge of solar 
flares carryover to those on other stars? In this brief review I consider ra
dio emission from the Sun, classical flare stars, close binaries, and pre-main 
sequence objects. Simple scaling arguments are presented which show ra
dio flares on stars are unlike those on the Sun in important respects. The 
reasons for this are discussed. 

2. Solar Flares 

2.1. FLARE CLASSIFICATION 

Although more complex flare classification schemes have been proposed 
(e.g., Tanaka 1987; Bai and Sturrock 1989) it has been convenient to di
vide solar flares into two. broad classes, referred to as i) compact, impul
sive, or confined flares, and ii) long-duration, extended, or two-ribbon flares 
(Pallavicini et al. 1979). 

Compact or impulsive flares are characterized by size scales of '" 109 

cm, energy densities of 102 - 103 erg-cm -3, and time scales of lOs of sec. 
Long-duration or extended flares are large events characterized by a size 
scale of N 1010 cm, greater heights ( ~ 5 X 104 cm), energy densities of 
10-102 erg-cm-3 , and time scales of lOs of min to many hrs. Furthermore, 
long-duration events are associated with coronal mass ejections (CMEs; see 
Kahler 1992) - which are, in turn, associated with metric radio bursts of 
type II and type IV - and with fast particles in the interplanetary medium 
(solar energetic particle events: SEPs). 
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It is widely held that compact flares involve the acceleration of electrons 
and ions in closed magnetic loops, with a relatively small fraction of the 
accelerated particles escaping. In the case of long-duration events (LDEs), 
a second phase of particle acceleration is involved. Shock waves propagat
ing through the corona and the interplanetary medium (IPM) produce large 
numbers of fast protons; associated processes produce relativistic electrons. 
Energetic particles events in the IPM are referred to as "solar energetic par
ticle" events, or SEPs. Because shocks can subtend a large solid angle, a 
large fraction of the corona can become involved in second-phase accelera
tion. 

2.2. RADIO EMISSION FROM SOLAR FLARES 

The radio emission from solar flares is due to a variety of mechanisms. It 
was first studied extensively at meter-wavelengths and a number of radio
burst types were identified. These include the type II (shock associated) 
bursts, classical type III bursts (electron beams), and type IV flare contin
uum. Plasma radiation mechanisms predominate although gyrosynchrotron 
emission may also play an occasional role. Meter-wavelength emissions are 
described in detail in McLean & Labrum (1985). 

At decimetric wavelengths (300 MHz - 3 GHz) and meter wavelengths, 
a variety of plasma emission mechanisms come into play (Benz 1996). Of 
particular interest are type IIIdm bursts, due to discrete beams of electrons, 
which accompany flares in large numbers and are correlated with hard x
ray (HXR) emission, at times on a one-to-one basis (Aschwanden et al. 
1995). The cyclotron maser instability (eMI) may be relevant to the so
called "millisecond spike" bursts (Melrose & Dulk 1982). 

Of more relevance to observations of stellar flares are microwaves. In 
microwaves (3 - 30 GHz) incoherent gyrosynchrotron radiation from mildly 
relativistic electrons predominates. Peak brightness temperatures rarely ex
ceed 108 - 109 K on the Sun; i.e., the characteristic energies of the emitting 
electrons is lOs to 100s of ke V. Microwave emission is well-correlated with 
HXR emission (Kosugi, Dennis, and Kai 1988); both emissions result from 
essentially the same electron distribution, although the HXR and microwave 
sources are not necessarily cospatial. Microwave and HXR emissions are of 
considerable interest because a significant fraction of the flare energy goes 
into the electrons emitting in these wavelength regimes during the impulsive 
phase. 

2.3. COMPARISON WITH OPTICAL AND X-RAY EMISSION 

At optical wavelengths, continuum emission from solar flares is generally 
meager and most emission is in spectroscopic lines. Chromospheric Ha emis-
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sion originates in so-called "ribbons" which straddle the magnetic neutral 
line and correspond to conjugate magnetic footpoints of the flaring coronal 
loops. Soft X-ray (SXR) emission shows impulsive emission from magnetic 
footpoints (Hudson et al. 1994), and more gradual emission along the flar
ing magnetic loops; that is, the SXR source spans the HQ ribbons, and 
delineates the coronal loops. Similarly, flare-associated microwave emission 
shows footpoint emission which evolves to one or more structures which 
span the HQ ribbons (e.g., Bastian and Kiplinger 1991). Hence, the optical, 
soft X-ray, and incoherent radio emission are characterized by a comparable 
spatial scale, the spatial scale of the flaring magnetic coronal loop system. 

2.4. EXTENSION TO STELLAR RADIO FLARES 

We assume that, as on the Sun, the spatial scales characterizing optical, 
soft X-ray, and radio flares on stars are similar: 10 ~ Ix ~ lR. Take a 
characteristic size scale of lR '" 5 X 109 cm on classical flare stars, and 
lR '" 5 X 1010 on RS CVn binaries (see, e.g., Bastian 1994). Assuming 
the observed radio emission is incoherent gyrosynchrotron radiation, with 
a maximum brightness temperature of ~ 1010 K, the flux density expected 
from a classical flare star at a distance of 5 pc, and a RS CVn binary at a 
distance of 50 pc, is 31/ ~ O.lv~ mJy, where Vg is the observing frequency 
in GHz. Hence, over the microwave frequency range, one might expect to 
observe flares with peak flux densities of a few to a few lOs of mJy from 
both classes of object. In general, this is not the case. There are now many 
examples of bursts on classical flare stars with peak flux densities exceeding 
100 mJy at frequencies Vg ~ 5 (Bastian & Bookbinder 1987; Abada-Simon et 
al. 1994; Stepanov et al. 1995) and, in one case, approaching 1 Jy (Bastian 
et ai. 1990). In the case of active binaries and pre-main-sequence (PMS) 
objects, radio flares are also observed with peak flux densities of several 
100 mJy to well in excess of 1 Jy (e.g., Feldman et ai. 1978). Since the flux 
density observed from a source at a frequency v in a given polarization is 
31/ = kBTB(V/C)20" where kB is Boltzmann's constant, TB is the brightness 
temperature, and 0, is the solid angle subtended by the source, the following 
must be true: stellar radio flares are much brighter than solar radio flares 
(TB* ~ 1010 K), or the radio source size on stars is much larger than the 
size of the SXR source, or both. 

3. Stellar Flares 

3.1. CLASSICAL FLARE STARS 

The fact that radio bursts on classical flare stars - also known as dMe 
(dwarf M emission line) stars or UV Ceti-type stars - are large on frequen-
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cies Vg ~ 5 is due to the fact the brightness of the emission is extremely 
high, with TB ;::; 1016 K in some cases. Furthermore, radio bursts on flare 
stars are usually highly circularly polarized, often 100% polarized. Dynamic 
spectral observations have shown that some bursts display the presence of 
narrowband and/or drifting structures, the presence of quasiperiodic oscil
lations, and of the "sudden reduction" phenomenon (Bastian et al. 1990). 
The correlation between radio bursts on frequencies Vg ~ 5 and flares in the 
optical, UV, and X-ray wavelengths is poor or entirely absent (Kundu et 
al. 1988). These properties indicate that coherent emission mechanisms are 
responsible for the observed radio bursts. 

A variety of emission mechanisms has been proposed to account for the 
observed features of radio emission from flare stars on frequencies Vg ~ 5 
(see Lang 1996). Chief among them are the cyclotron maser instability 
(CMI) or various plasma radiation mechanisms. Melrose (1993) has argued 
in favor of the CMI as the most likely mechanism because it more easily 
accounts for the high brightness temperature, the high degree of circular 
polarization, and the short time scales sometimes observed. On the other 
hand, Kuijpers (1989), Bastian et al. (1990), and Stepanov et al. (1995) 
have argued that plasma radiation mechanisms may also playa significant 
role. Mechanisms which have no solar analog may also be relevant; for 
example multiple Raman up-conversion of photons excited at the electron 
plasma frequency or its harmonic may produce radiation with a maximum 
well above the plasma frequency if the energy density of Langmuir waves 
is sufficiently high (Russell, Newman, and Goldman 1985). 

A key goal, therefore, is to identify the radio emission mechanisms re
sponsible for the high brightness bursts observed at frequencies Vg ;S 5 on 
classical flare stars. Bastian (1996) has pointed out that, given the ex
tremely high brightness temperatures observed on classical flare stars, in
duced scattering processes such as induced Compton scattering (e.g., Coppi 
et al. 1993) or stimulated Raman scattering (e.g., Levinson and Blanford 
1995) may play important roles in modifying the spectral and angular prop
erties of the emitted radiation. A detailed understanding of the propagation 
of the emitted radiation through the coronal medium is therefore required. 

Observations at Vg > 5 are few in number, but peak flux densities are 
a few lOs of mJy, consistent with the simple scalings in §2.4. The degree 
of circular polarization is low to moderate and indications are that the de
gree of correlation between microwave bursts and the optical counterpart 
is excellent (e.g., Rodono et al. 1990). Benz, Glidel, & Schmitt (1996) find 
there is a general correlation between radio variability at 8.4 GHz and that 
in SXRs on a time scale of 1 hr although the issue of whether a more de
tailed correlation exists was difficult to establish because the ROSAT SXR 
observations were interrupted by periodic Earth occultations. In contrast 
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to observations with Vg ~ 5, existing observations are consistent with the 
idea that high-frequency radio bursts on flare stars are due to incoherent 
gyrosynchrotron emission. In this sense they may be analogous to those on 
the Sun, albeit in a scaled up fashion. 

3.2. ACTIVE BINARIES AND PMS OBJECTS 

Unlike the classical flare stars, radio sources on active binaries and PMS 
objects have been spatially resolved through direct imaging using VLBI 
techniques (see review by Mutel 1996). These observations demonstrate 
that the source is very large: comparable in scale to the binary separation 
in the case of RS CVn binaries. The inferred source brightness is 108 _1010 

K and the degree of circular polarization is generally small during flares. 
These properties are consistent with gyrosynchrotron and/or synchrotron 
radiation being the relevant emission mechanism during flares. Hence, un
like the Sun and classical flare stars, radio flares on active binaries and 
PMS objects are intense because the source is large, much larger than the 
optical and SXR sources. 

Why should the radio source be so large? One possibility may be the 
natural scale associated with active binaries: the binary separation. Uchida 
and Sakurai (1983) proposed an "interacting magnetospheres" model for 
RS CVns. Van den Oord (1988) has explored the question of whether a fil
ament could be supported between the two stars and whether sufficient en
ergy would be available to power the observed flares. He finds that there is, 
although the details of how such a configuration might destabilize and flare 
are left unspecified. Neither scenario accounts for the large radio sources of 
similar or greater size and intensity seen on PMS objects. 

The most recent models of radio flares on RS CVns, which may also 
have some bearing on PMS objects, involve an impulsive injection of fast 
electrons into a magnetic trap, presumably a large magnetic loop or loop 
system (Chiuderi-Drago and Franciosini 1993; Franciosini and Chiuderi
Drago 1995). The population of fast electrons radiates via the gyrosyn
chrotron process and evolves through radiative losses and escapes from the 
trap. Good agreement has been obtained for the flare amplitude, the radio 
spectrum, and its temporal evolution (Mutel et al. 1987). Whether closed 
magnetic configurations exist on the required spatial scales has not been 
demonstrated. Furthermore, the details of the initial particle injection have 
not been addressed. If the source of the fast electrons is associated with 
the optical/SXR flare, the electrons suffer severe adiabatic losses as they 
expand into a large loop. An alternative idea to models involving an im
pulsive injection of fast electrons into a magnetic trap is the stellar analog 
to a solar long-duration event, a possibility I briefly explore here. 
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In the case of the Sun, there appear to be fundamental differences be
tween impulsive and long-duration or gradual flares, which lead to two 
classes of SEP events (e.g., Cane, McGuire, and von Rosenvinge 1986; 
Reames 1992): those associated with impulsive flares and those associated 
with gradual events (see Gosling 1993 for a review). Impulsive SEPs are 
most often observed in association with optical and impulsive X-ray flares. 
They are characterized by a rapid rise and decay over a period of hours. 
The electron to proton ratio is high and the ionization states of ions are 
characteristic of flare temperatures (rv 107 K). Impulsive SEPs are usu
ally detected only when the observer is magnetically well-connected to the 
site of the impulsive flare. Most events produce modest fluxes of energetic 
particles in the heliosphere. These properties have led workers to conclude 
that impulsive SEPs are associated with flare events and that the energetic 
particles are accelerated in or near the flare. 

Gradual SEPs, as their name implies, have slower rise times (rv 1 day) 
and decay times of days. Energetic particles associated with gradual events 
are proton-rich and have elemental abundances similar to those found in the 
corona and solar wind. Almost all gradual SEPs are associated with CMEs 
that drive shocks in the solar wind. Gradual SEPs can arise from events 
which occur anywhere on the solar disk. Gradual SEPs are interpreted 
as the product of shock acceleration of coronal and solar wind particles. 
Ellison and Ramaty (1985) have shown that diffusive shock acceleration 
by moderate to strong shocks in the corona can account for many of the 
observed properties of electrons, protons, and alphas in SEPs. Kahler et al. 
(1986) have demonstrated that a CME and the associated shock alone can 
produce relativistic electrons and ions. It is worth noting that aside from 
the (shock-associated) type II radio bursts, and type IV flare continuum at 
meter wavelengths, no other radio signatures are associated with second
phase electron acceleration in LDEs on the Sun. 

I suggest that gradual SEPs may dominate radio flares on RS CVns and, 
possibly, PMS objects as well. The scenario is as follows: 1) a fast coronal 
mass ejection occurs on an active star, driving a shock through the stellar 
corona, out into the asterosphere\ 2) shock acceleration of protons and 
ions occurs; associated processes accelerate electrons to relativistic energies 
(e.g. Melrose 1990); 3) fast electrons stream behind and in front of the 
shock and radiate via the gyrosynchrotron and/or synchrotron process; 4) 
unlike the solar case, the radiation is visible at microwavelengths because 
the asterosphere around an RS CVn binary, an Algol system, or a PMS 
object is more strongly magnetized ("-I 10 G) than is the heliospherej 5) 
the duration of the radio flare is determined by the shock duration and 

1 I use the term asterosphere in analogy to the Sun's heliosphere 
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associated electron acceleration. 
This scenario is appealing because it eliminates the need for extremely 

large magnetic traps, yet accounts for the large source size observed. Fur
thermore, it allows for continuous, as opposed to impulsive, electron accel
eration. The proposed scenario has at least one important consequences: 
the source size should evolve (expand) in time. There are two examples 
where source expansion may have been observed. Trigilio, Umana, and Mi
genes (1993) report VLBI observations of a large flare on HR 1099. The 5 
GHz observations were consistent with source expansion during the rise of 
a flare to maximum. Similarly, Phillips et ai. (1991) present VLBI observa
tions of the weak-lined T Tauri star HD 283447 which shows a morphology 
change from compact to extended structure on a time scale of order 1 day. 
Interestingly, the radio emission from HD 283447 has shown a linearly po
larized component (R. Phillips, private comm.), indicative of synchrotron 
radiation by fully relativistic electrons in weak fields. 

4. Concluding Remarks 

While flares on dMe stars resemble those on the Sun at radio frequencies 
Vg ;:: 5 GHz to the extent that they appear to correlate well with optical 
events and are due to incoherent gyrosynchrotron emission, the opposite is 
true for Vg ;S 5. As yet unidentified coherent emission mechanisms predomi
nate at low frequencies. Unlike the solar case, their extreme brightness may 
drive stimulated scattering processes such as induced Compton or stimu
lated Raman scattering, further complicating identification of the underly
ing emission mechanism or mechanisms. With the upgrade of the Arecibo 
305 m telescope, broadband spectroscopy should enable us to determine 
whether induced scattering processes are relevant. 

Radio flares on RS CVn and pre-main-sequence objects are observa
tionally similar. Unlike the Sun, they produce extremely large sources. The 
flare emission is likely due to incoherent gyrosynchrotron or synchrotron 
emission. Whether the particles are confined to extremely large magnetic 
traps or are acclerated over an extended period of time in eruptive events 
remains to be seen. Direct imaging is now possible on a routine basis us
ing phase referenced VLBI techniques. It is hoped improved time-resolved 
imaging will resolve these issues in the coming years. 

The National Radio Astronomy Observatory is a facility ofthe National 
Science Foundation operated under cooperative agreement by Associated 
Universities, Inc. 
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RADIO EVIDENCE FOR NONTHERMAL MAGNETIC 

ACTIVITY ON MAIN· SEQUENCE STARS OF LATE 

SPECTRAL TYPE 

KENNETH R. LANG 

Dept. of Physics (3 Astronomy, Tufts University, 
Medford, MA 02155, U.S.A 

Abstract. The Very Large Array (VLA) and other radio interferomet
ric arrays provide information about the magnetic fields, electrons, tem
peratures and both thermal and nonthermal particle acceleration on the 
Sun and other nearby magnetically active stars of late spectral type. The 
long-lived, nonthermal radio emission of these stars is correlated with their 
thermal X-ray luminosity. The nonthermal particle acceleration process is 
probably related to coronal heating in these stars, and to magnetic activity 
resulting from internal rotation and convection. Thermal radiation domi
nates the quiescent radio output of the Sun, which is radio underluminous 
when compared to other radio-underluminous active stars. However, dif
ferent thermal and nonthermal radio structures are detected at different 
wavelengths and in different places on the Sun. Peculiar nonthermal radio 
sources and nonthermal noise storms, are respectively found above solar ac
tive regions and in more extended large-scale coronal loops; they may both 
be fed by global reservoirs of high-energy particles. High-velocity electrons 
can be nearly continuously accelerated in the magnetically confined coronae 
of nearby active stars of late spectral type, providing nonthermal incoher
ent gyrosynchrotron or synchrotron radiation and/or nonthermal coherent 
radiation. 

1. Introduction 

This paper is a shortened version of a longer article of the same title (Lang, 
1995). The longer version extends the discussion of quiescent radio radi-
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ation, and includes flaring radio emission from both the Sun and other 
magnetically active stars of late spectral type. These topics are briefly in
cluded in the Summary of this shorter paper. Radio emission from pre
main-sequence T Tauri stars, dwarf M flare stars, and RS CVn stars has 
been recently reviewed by Lang (1994). 

2. Overview of Stellar X-ray and Radio Radiation 

2.1. X-RAY RADIATION FROM NEARBY ACTIVE STARS 

We now know that virtually all single, nearby main-sequence (dwarf) stars 
of late spectral type ( F, G, K, M ) emit detectable, quiescent X-ray radi
ation. They are usually more active and thousands of times more energetic 
than the Sun (spectral type G2V), with absolute X-ray luminosities of up 
to Lx = 1030ergs-1 , compared with the solar value of Lxo = 2 X 1027 ergs- 1 

(at the maximum in the ll-year activity cycle, and perhaps twenty times 
less at the minimum). 

The X-ray coronae oflate-type stars have temperatures of 1 to 10 mil
lion degrees that are attributed to the thermal radiation of a hot, tenuous 
gas. Moreover, their absolute X-ray luminosity increases with the square 
of the equatorial rotation velocity of the star (Pallavicini et al., 1981). A 
close correlation between the quiescent thermal X-ray emission and rota
tion speed for cool, single main-sequence sta~s of spectral type F through M 
has been demonstrated by Hempelmann et hl. (1995). In contrast, the qui
escent X-ray luminosity of these main-sequence stars is not closely related 
to either stellar age or stellar mass. 

The greater speed of rotation presumably results in enhanced mag
netism by internal dynamo action, resulting in greater coronal heating and 
more luminous, thermal X-ray radiation. The late-type RS CVn binary 
stars are, for example, tidally locked into rapid synchronous rotation, with 
exceptionally intense X-ray emission attributed to unusually strong mag
netic activity. The amplified dynamo action is related to both rapid rotation 
and deep convection zones. 

2.2. CORRELATIONS BETWEEN THE THERMAL X-RAY EMISSION AND 
NONTHERMAL RADIO EMISSION OF NEARBY ACTIVE STARS 

Glidel and Benz (1993) have shown that there is a strong correlation be
tween the quiescent X-ray luminosity, Lx, and the quiescent radio luminos
ity, L r , of a variety of late-type, main-sequence stars, given by: 

log Lx = log Lr + 15.5. 
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Figure 1. Comparison of the soft X-ray absolute luminosity, Lx, and the absolute radio 
luminosity, Lr, of main-sequence (dwarf) stars oflate spectral type, F, G, K and M. The 
solid line denotes the relation log Lx = log Lr + 15.5. The Sun is radio underluminous 
when compared with the other magnetically active stars of late spectral type. (Adapted 
from Gdel, 1992; Giidel et al., 1993; Giidel, Schmitt and Benz, 1994, 1995). 

The intriguing correlation is independent of stellar age, spectral class, 
binarity, rotation or photospheric! chromospheric activity. This relationship 
is shown in Figure 1, where more recent data for main-sequence stars of 
spectral type F, G, K, and M are included. 

In order to be detected at radio wavelengths, most main-sequence stars 
of late spectral type have to be emitting quiescent radio radiation by non
thermal processes. The nonthermal radio radiation is attributed to electrons 
accelerated to nearly the speed of light in the presence of strong magnetic 
fields. Thus, there appears to be an intimate connection between particle 
acceleration, required for the quiescent nonthermal radio radiation from 
stars, and the coronal heating mechanisms needed to create the quiescent 
thermal X-ray radiation. 

The Sun is probably radio underluminous when compared with other 
magnetically active, late-type stars because the solar radio emission is dom-
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inated by thermal processes (bremsstrahlung and gyroresonance), but the 
Sun nevertheless does emit quiescent, nonthermal radio radiation. We next 
discuss this relatively new area of solar radio astronomy. 

3. Long-Lasting, Nonthermal Radio Radiation from the Sun 

Some of the more intense solar radio sources at 2 to 6 cm wavelength occur 
above the magnetic neutral line that separates regions of opposite magnetic 
polarity in the underlying photosphere. They can be found within solar ac
tive regions with a multipolar (delta) configuration of the photospheric 
sunspots. These so-called peculiar sources have low circular polarization, 
steep radio spectra and high brightness temperatures of up to Tb = 107 

degrees (Akhmedov et al., 1986), and they cannot be explained by con
ventional thermal processes. The steep radiation spectra are incompatible 
with the thermal bremsstrahlung that normally occurs at the apex of coro
nalloops (above the magnetic neutral line ), and the magnetic fields at the 
loop tops are an order of magnitude weaker than those required to give 
intense thermal gyroresonance emission at these wavelengths. The low cir
cular polarization is also incompatible with thermal gyroresonance similar 
to that found above the strong magnetic fields of sunspots. 

The "peculiar" coronal radio sources that appear above magnetic neu
trallines suggest long-lasting, nonthermal coronal heating and appear to 
require nearly continuous acceleration of energetic nonthermal electrons 
by a yet unknown process. In some cases, they may be due to the gy
rosynchrotron radiation of mildly relativistic electrons (Alissandrakis et 
al., 1993); in other situations nonpotential magnetic fields and localized 
heating by neutral current sheets are implied (Lang et al., 1993). 

Noise storms are another form oflong-Iasting (hours to days), nonther
mal radio radiation; they are the most common type of activity observed 
on the Sun at metric wavelengths. Noise storms are highly circularly polar
ized (up to 100 percent), have brightness temperatures of Tb = 107 to 109 

degrees, and require nonthermal electrons accelerated to energies of a few 
keY to tens of keY. 

High-resolution VLA observations at 90cm wavelength indicate that 
noise storms do not lie directly above either the 20-cm or soft X-ray loops 
that connect sunspots within individual active regions. They are instead 
located within large-scale loops that link widely separated active regions, 
even in opposite hemispheres of the Sun (Willson et al., 1995), or connect 
active regions to more distant areas on the Sun (Lang and Willson, 1987; 
Krucker et al., 1995). 

Noise storms are not always associated with the brightest active re
gions, and instead seem to be connected with active regions that have 
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Figure 2. Long-lived (hours to days), quiescent radio radiation from the Sun. Both 
thermal and nonthermal sources can be detected, depending upon the wavelength and 
on the location. 

weaker thermal microwave emission and fainter thermal soft X-ray radi
ation than those associated with other visible active regions (Bogod et al., 
1995). When circularly polarized radiation from sunspot-associated radio 
sources passes through the large-scale magnetic loops, the polarization in
version may be used to infer the magnetic field strength, suggesting that 
anomalously-high, nonpotential magnetic fields are located at the source 
of the noise storms (Willson et al., 1995). Although the storm onset might 
be triggered by evolving magnetic fields, including the emergence of new 
magnetic flux (Raulin et al., 1991), the exact acceleration mechanism for 
the electrons emitting nonthermal radio noise storms remains a mystery 
(Krucker et al., 1995). The noise-storm particles seem to be accelerated to 
nonthermal energies within the corona near the site of storm emission, and 
the relationship between the thermal and nonthermal coronal structures is 
unclear. 

The accelerated particles may be trapped in high-lying radiation belts 
forming an extended decimetric halo. These halo sources have nonthermal 
spectra, brightness temperatures of Tb = 106 degrees, and a relatively 
large radio flux because of their large size and high temperature. They 
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are extended structures that can link more than one active region and lie 
above the coronal loops detected at 20cm or X-ray wavelengths within the 
individual active regions. The decimetric halo sources may outline large
scale coronal loops that act as a reservoir from which energetic particles 
drain down to lower-lying, nonthermal magnetic structures, feeding both 
noise storms and peculiar sources (Bogod et al., 1995). 

To sum up, what you see on the quiescent radio Sun depends on how you 
look at it, and you can tune in different coronal structures at different wave
lengths and in different places. Most of the intense, long-lived radio sources 
detected at short centimeter wavelengths emit thermal radiation within so
lar active regions, but by different mechanisms with sizes that generally 
increase with wavelength (Figure 2). Long-lasting, "peculiar" nonthermal 
radio sources are also found in active regions at 2 to 6 cm wavelength (also 
see Figure 2), but they do not usually dominate solar radio emission in this 
spectral region. At longer 90 cm wavelength, long-lived nonthermal noise 
storms within large-scale coronal loops may dominate the solar radio out
put; this emission is not localized within individual active regions and may 
be related to more extensive, global reservoirs of nonthermal particles. 

4. Long-Lasting, Nonthermal, Coherent Radio Radiation from 
Late-Type Active Stars 

Coherent, nonthermal radiation is suggested by observations of relatively in
tense, narrow-band radiation lasting from several hours from several dwarf 
M flare stars (Lang and Willson, 1986; White, Kundu and Jackson, 1986; 
Kundu et al., 1987; Lang and Willson, 1988). YZ Canis Minoris has, for 
example, emitted 100 percent circularly polarized radio radiation for hours 
with a fractional bandwidth of about 0.02 (Lang and Willson, 1988; Lang, 
1994). Nonthermal gyro synchrotron emission is not expected to have either 
a narrow bandwidth or high circular polarization, but the high brightness 
temperatures still require a nonthermal process. The narrow-bandwidth and 
high circular polarization may be due to coherent mechanisms like electron
cyclotron masers or coherent plasma radiation. (Maser is an acronym for 
microwave amplification by stimulated emission of radiation.) 

The coherent radiation processes provide constraints on the physical 
conditions in the stellar coronae. An upper limit to the electron density, Ne, 
is given by the requirement that the observing frequency must be greater 
than the plasma frequency for the radiation to propagate out and reach the 
observer; at 20cm wavelength this requires an electron density less than, 
or equal to, N e = 2.5 X 1Q1Ocm_3. If an electron-cyclotron maser emits at 
the second harmonic of the gyrofrequency, then a coronal magnetic field 
strength of H = 250 Gauss is required to explain the 20cm radiation; lower 
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magnetic field strengths are needed if coherent plasma radiation dominates. 
The RS CVn stars can emit long-lived (hours) radio emission that is not 

resolved with VLBI; these core sources are smaller than either visible com
ponent of these binary systems and have brightness temperatures greater 
than Tb = 1010 degrees. Long-lasting radio radiation with high circular po
larization has been observed from RS eVn stars (Brown and Crane, 1979; 
Mutel et al., 1987), and Willson and Lang(1987) have shown that variable 
radio emission lasting for hours can have fractional bandwidths less than 
0.5. So, the long-lasting, coherent radio radiation detected from dwarf M 
stars may be operating in the core RS eVn radio sources, with similar co
herent maser or coherent plasma radiation processes (Lestrade et al., 1988). 

Different radiation mechanisms may dominate at different wavelengths 
or for various stellar components, as they do on the Sun. At short centime
ter wavelengths, the long-lived radio emission from late-type active stars 
may be due to nonthermal, incoherent gyrosynchrotron radiation, while 
nonthermal, coherent processes may be required to explain the radio ra
diation at longer radio wavelengths or for shorter wavelengths and core 
components. 

5. Summary 

This is the Summary for the longer version of this paper (Lang, 1995). 

5.1. INTRODUCTION 

High-resolution X-ray and radio observations, respectively using telescopes 
in space and ground-based arrays, have transformed our understanding of 
the million-degree solar corona, showing that it is spatially inhomogeneous 
and time variable on every detectable scale. The radio data provide di
agnostic information on magnetic fields, electrons, temperatures and both 
thermal and nonthermal particle acceleration on the Sun. Magnetic activ
ity seems to play the dominant role in structuring and modulating the 
million-degree gas, including powerful, transient solar flares. 

5.2. STELLAR X-RAY AND RADIO RADIATION 

Virtually all single, nearby main-sequence stars of late spectral type (F, G, 
K, M) emit detectable, quiescent X-ray radiation that is attributed to the 
thermal emission of a million-degree stellar corona; the X-ray luminosity in
creases with a star's rotation velocity, suggesting that enhanced magnetism 
plays a role in coronal heating. In order to be detected at radio wavelengths, 
nearby cool active stars must emit the radio radiation of nonthermal elec
trons accelerated to high velocity in strong magnetic fields. Particularly 
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intense, X-ray emitting, main-sequence stars have a nonthermal radio lu
minosity that increases with the thermal X-ray luminosity, suggesting a 
relationship between nonthermal particle acceleration and thermal heat
ing of late-type stars. In contrast, the Sun is radio underluminous when 
compared with other nearby magnetically active stars of late spectral type. 

5.3. QUIESCENT RADIO EMISSION FROM THE SUN 

Thermal radiation dominates the long-lasting, quiescent radio emission of 
the Sun at short centimeter wavelengths, but different thermal structures 
are detected at different wavelengths and in different places on the Sun; 
they include thermal gyroresonance in the intense magnetic fields above 
sunspots (at 2cm and Gem), thermal bremsstrahlung ofthe X-ray emitting 
coronal plasma at the apex of coronal loops within individual active regions 
(at 20cm), and large-scale thermal coronal structures that extend across a 
substantial fraction of the solar disk (at 90cm). Nonthermal, quiescent so
lar radio sources apparently require the nearly continuous acceleration of 
energetic nonthermal electrons; they include the "peculiar" sources (2cm 
to 6cm) above the magnetic neutral line in the underlying photosphere, 
long-lasting (hours to days) noise storms located within large-scale loops 
(90cm) that link widely separated active regions or connect active regions 
to more distant areas on the Sun, and extended, large-scale radiation belts 
(decimeter halo - IOcm) that may act as global reservoirs from which ener
getic particles drain down to lower-lying, nonthermal magnetic structures. 
N onthermal processes may dominate solar radio radiation at the longer 
meter wavelengths. 

5.4. QUIESCENT RADIO EMISSION FROM MAGNETICALLY ACTIVE 
STARS OF LATE SPECTRAL TYPE 

Nonthermal gyrosynchrotron or synchrotron radiation from high-speed elec
trons in intense magnetic fields may explain the quiescent, long-lasting radio 
emission from some late-type active stars. The high brightness tempera
tures, high degrees of circular polarization, and/or narrow-bandwidths of 
the long-lived ( several hours) radio radiation from some dwarf M stars and 
some RS CVn stars may be explained by nonthermal coherent mechanisms 
like electron-cyclotron masers or coherent plasma radiation, providing con
straints on the electron density, Ne less than or equal to lOlOcm-3 , and the 
magnetic field strength, H = 250 Gauss, in the radio source. 
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5.5. FLARING RADIO EMISSION FROM THE SUN 

Radio, soft X-ray and hard X-ray observations have been used in support 
of a canonical model of solar flares in which nonthermal particles are ac
celerated at the apex of coronal loops within individual active regions, 
giving rise to nonthermal gyrosynchrotron radio emission; the high-speed 
electrons then move down along the loop legs to give rise to hard X-ray 
radiation when striking the underlying chromosphere. Other observations 
indicate that extended coronal loops, much larger than an active region in 
size, play an important role in particle acceleration and flare triggering on 
the Sun. Nonthermal, coherent emission processes are required to account 
for millisecond spike bursts observed during solar flares at short centimeter 
wavelengths. 

5.6. FLARING RADIO EMISSION FROM MAGNETICALLY ACTIVE 
STARS OF LATE SPECTRAL TYPE 

Rapid radio flares from dwarf M stars require sources much smaller than 
the visible stars in size, and suggest brightness temperatures exceeding 1015 

degrees. Such high temperatures require a coherent radiation mechanism, 
and the high circular polarization (100 percent) indicates an intimate con
nection with stellar magnetic fields. The available radio and X-ray evidence 
for flares on other late type stars, including RS CVn binaries, suggests that 
they also have highly structured magnetic coronae with sizes much smaller 
than the visible stars and coherent nonthermal radio bursts. 
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AN ANALYSIS OF X-RAY FLARES IN PLEIADES STARS 

S. SCIORTINO, G. MICELA AND F. REALE 

Istituto e Osservatorio Astronomico di Palermo, 90134, Italy 

V. KASHYAP AND R. ROSNER 

Dep. of Astronomy, Univ. of Chicago, Chicago, IL, USA 

AND 

F. R. HARNDEN, JR. 
Harvard-Smithsonian CFA, Cambridge, MA, USA 

In the assumption that stellar flares, in analogy to many solar flares, 
occur in coronal magnetic loops (see Serio 1995), Reale et al. (1995) have 
devised a method, calibrated with extensive hydrodynamics modeling, to 
derive quantitative constraints on loop length (L) and the characteristic 
time scale of heating (Tht) from quantities observed during the decay phase. 
We have applied this method to flares observed in the Pleiades. This work 
is based on those on solar flares by Serio et al. (1991) and Jackimiec et 
al. (1992) which showed that the Slope of the curve traced by flares in 
the density-temperature (n-T) plane during the decay depends only on the 
presence of significant heating during the decay (i.e. with e-folding time, 
Tht, at least, comparable to the loop thermodynamic decay time, Ttdh). The 
resulting diagnostics has been succesfully applied to flares observed with 
SMM (Sylwester et al. 1993). Reale et al. (1993) have extended this mod
eling to stellar cases analyzing the dependence from gravity, g, and shown 
that the Slope in the (n-T) diagram depends also on the ratio of loop 
length, L, and pressure scale height H = 2kT / gJL. The time evolution of 
soft X-ray flare spectra is non-parametrically described in terms of Spec
tral Shape Indexes (SSI) computed projecting the time resolved spectra 
observed during flare decay along a set of principal component axes de
rived from the analysis of a sample of spectra of hydrostatic loop models. 
For the ROSAT PSPC the value of the 1-t SSI explains most of the vari
ance among template loop spectra and is directly related to the effective 
(i.e. as measured by the detector) temperature of coronal plasma. The same 
data allow also to compute the intensity decay time, 'TIc. This is the other 
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Name Sp R. 'Tlc Tma.. EMp • d Epl" •• L H Heating during 

[1010 ] [103] [107] Decay Phaae k 

(em) (.ee) (K) (em-3 ) (erg) (1010 em) 'Theat'n. (.ec) 

Hz 892 (KO) 5.92 2.8 9.6 1.9 (54) 5.5 (34) 5 42 May Be ['" 2000] 

Hz 1100 K3 5.43 10 3.7 2.5 (53) 2.9 (34) 17 16 No [ «10000J 

Hz 1516 (K7) 4.87 5 8.2 1.9 (54) 9.6 (34) 2 32 Ye. ['" 5000J 

Hz 2411 M3/M4e 2.78 13 6.3 3 . .2 (52) 4.1 (33) < 20 17 ? 

AD Leo dM3.5c 2.78 0.6 2.5 8.9 (51) 7.7 (31) 0.6 7 May Bc ['" 600J 

quantity required to characterize flare properties, given that loop emission 
intensity scales approximately with the square of plasma density. Hence, 
in the stellar context the (n-T) plane is replaced by an equivalent plane 
of observable quantities, namely 1.t SSI, and (Cnt Rate)o.5. The same 
model flare data points allow also to define two analytical curves in the 
(Tlc/Ttdh-Slope) plane, one for L/H « 1 and the other when L/H '" 1, 
from which one can estimate L with an uncertainty of about 30%. 

We have inspected the X-ray light curves of all detected stars in the 4 
PSPC images toward the Pleiades clusters (cf. Stauffer et al. 1994; Micela et 
al. 1996), identifying 3 Pleiades stars and one Hyades star (Hz 2411) show
ing intense flares with coverage of the flare decay phase appropriate for the 
outlined analysis method. To this sample we have added for comparison a 
flare seen on AD Leo, a nearby dMe star. The light curves of sample stars 
have been subdivided in few segments and background-subtracted spectra 
have been accumulated in each of them. Given the intensity of Pleiades stars 
we have been able to collect only hundreds of counts per segment (typical 
for any PSPC observation of young nearby open clusters). The tempera
ture at the top of the flaring loop has been computed scaling the fitted 
single-temperature Raymond-Smith model at the observed flare maximum 
and is adopted to estimate the pressure scale height, H. Relevant data for 
sample stars are summarized in the table together with the main result 
of our analysis that reveals the occurrence of substantial heating during 
the decay phase of the flare on Hz 1516. A more extensive report of these 
results will be presented by Sciortino et al. (1995). 
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SIMULTANEOUS X-RAY, EUV, UV, AND RADIO 

OBSERVATION OF THE CORONA OF THE RS CVN 

BINARY HR1099 

A. BROWN 
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AND 
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HRI099 (V711 Tau; K1 IV + G5 IV) is one ofthe most coronally-active 
RS CVn binaries known. We have obtained multi-spectral-region observa
tions of this star during 1994 August 24-28; a time interval equivalent to 
roughly 1.5 orbital periods (= 2.84 days) of the system. Included in these 
observations were 130 ksec of EUVE spectroscopy (70 - 400 A, ~).. '" 200; 
emission lines of Fe XV-XXIV), 40 ksec of ASCA X-ray spectroscopy (0.6 
- 8 keY, ~).. '" 50), 64 hours of IUE UV spectroscopy (1150 - 2000 A, 11; 
'" 300; 2000 - 3200 A [optimised for Mg II] , ~).. '" 10,000), and 32 hr of 
VLA and 44 hr of AT radio continuum (3,6,13,20 cm) data. 

In Fig. 1 we show the light curves from four spectral regions covering the 
time period of the ASCA observation. During this time a small (peak Lx '" 
2 1031 erg S-l) flare was seen. The EUVE DS and ASCA SIS light curves are 
almost identical. The ASCA spectra were fitted by a 2-temperature model; 
the cooler 0.85 ke V component was constant throughout the observation, 
while the flare was confined to the hotter component whose temperature 
increased from 2.1 keY in quiescence to a flare peak of 2.9 keY. The EUVE 
spectra show the presence of continuous, increasing emission measure dis
tribution over 6.3 ~ log T ~ 7.2. Two large EUV flares were detected; one 
on Aug. 24 lasted 12 hr, while the other on Aug. 26-27 lasted 24 hours. 3 
cm radio flares are consistently seen at the very start of the EUV flares. 
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Figure 1. Variations,ofHR1099 in the X-ray, radio, UV, and EUVE spectral regions on 
1994 August 25. Note the earlier flare response in the radio. 

Our multiday observations of HR1099 show : 
(i) that large flares are common on RS CVn binaries, 
(ii) that soft X-ray (ASCA) and EUV (EUVE) observations are sensitive 
to the gradual phase of flares but insensitive to the impulsive phase, 
(iii) that the ASCA flare response was confined to the hotter (20-30 MK) 
coronal component, 
(iv) that the radio gyro synchrotron emission (3 & 6 cm) does respond to 
the flare impulsive phase, while 20 cm emission is dominated by coherent 
processes that can show activity prior to or independent of thermal flaring, 
(v) further evidence of the presence of high velocity (500 - 1000 km s-1) 
chromospheric motions associated with flares, 
and (vi) evidence that the onset of flares occurs at particular orbital phases, 
even though the photospheric starspots and active regions are moving rel
ative to these phases. 



ON THE ORIGIN OF INTENSE RADIO EMISSION FROM 

SOLAR AND STELLAR FLARES 

A.V. STEPANOV 
Pulkovo Observatory, St.Petersburg 196140, Russia 

There is much in common between solar and stellar flaring radio emis
sion. Indeed, very rich fine structures in radio radiation from both the Sun 
and red dwarfs are observed. There are quasi periodical pulsations, sud
den reductions, narrowband highly polarized spikes, etc. The brightness 
temperatures of these fine structures are high enough, 1010 - 1015 K, to 
suggest nonthermal emission mechanism, and moreover coherent ones. To 
interpret the intense microwave emission from the solar and stellar flares, 
the Electron Cyclotron Maser (ECM) emission is widely accepted. ECM 
requires, however, strong magnetic field condition which is not satisfied in 
many cases, especially in the solar corona, and it produces mainly x-mode 
radiation. There also is problem with the escape of ECM radiation from 
the source. ECM emission should be absorbed by thermal electrons at gy
rolevels s = 2, 3, 4. 

As in the solar case there are indications in favour of plasma radia
tion in the flaring radio emission from dMe stars. Fast-drift bursts, sudden 
reductions (Bastian et al. 1990), and a high degree of polarization in the 
ordinary sense (Lim 1993) are among them. The present work argues that 
intense microwave emission from solar and stellar flares can be understood 
in terms of plasma radiation. 

The plasma radiation mechanism suggests the excitation of Langmuir 
waves with subsequent conversion of plasma waves into electromagnetic 
ones, resulting in radio emission at the fundamental and the second har
monic of the plasma frequency. Scattering of the plasma waves on the back
ground ions gives an emission at the fundamental with brightness temper
ature n ~ 3 T(mi/me) exp(r) where r > 1 is the optical depth. This value 
can be as high as Tb ~ 1014 _1016 K (Zaitsev & Stepanov 1983). Second har
monic radiation is driven by a wave-wave coalescence process and prevails 
over the fundamental if the plasma turbulence level W / nkT < 10-5 - 10-4 • 
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Stepanov et aI. (1995) have shown that radio spikes observed at 4.75 
GHz during the UV Ceti flare on December 31, 1991 can be explained also 
in terms of plasma radiation. A number of plasma waves with similar phases 
can interfere and some irregular plasma density inhomogeneities occur due 
to the thermo diffusion (Genkin et aI. 1990). Plasma waves modify the 
density fluctuations and hence change the radio emission characteristics at 
the fundamental. The result brightness temperature of the spikes with time 
scale of about 100 ms is of order of the effective temperature of the plasma 
turbulence and can be about 1012 K for UV Ceti flares. 

The polarization of plasma radiation depends on the ratio of electron 
gyrofrequency - to plasma frequency p = we/wp, and on the plasma wave 
spectrum. It is generally believed that the o-mode polarization is possible 
for the fundamental only due to the x-mode cut-off. Nevertheless the sec
ond harmonic can be polarized in the o-mode also. For the one-dimensional 
spectrum of plasma waves (along the magnetic field) the maximum of cir
cular polarization degree is 1[" = 0.31 p, p < 1 (Zlotnik 1980). For the case 
p > 1 the emission can be highly polarized in the o-mode due to strong 
gyroabsorption of the x-mode at the levels s = 2, 3, 4 (Stepanov et al. 
1995). This may be a reason for 80 % o-mode polarization in the remark
ably intense radio emission from Rst 137B observed by Lim (1993). 

It is not excluded that the plasma radiation plays an important role in 
the intense radio emission from the "radiation belts" of chemically peculiar 
stars and RS CVn binary systems. 
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MAGNETIC STRUCTURES AND GIANT FLARES IN HR1099 

Summary Results from the MUS/COS 1989 Campaign 

B.H. FOING, S. CHAR, T. AYRES, C. CATALA, D.S. ZHAI, 

S. JIANG, L. HUANG, J.X. HAO, E. HOUDEBINE, S. JANKOV, 

J. BAUDRAND, J. CZARNY, J.F. DONATI, P. FELENBOK, 

S. CATALANO, G. CUTISPOTO, A. FRASCA, M. RODONO, 

J.E.NEFF, T. SIMON, A. COLLIER-CAMERON, C.J. BUTLER 

AND 

THE MUSICOS 1989 CAMPAIGN COLLABORATION 
ESTEC/SO, PB 299, 2200 AG Noordwijk, NL (solar::bfoing) 

Abstract. We describe results from the December 1989 multi-site con
tinuous observing campaign (MUSICOS 89 with 17 telescopes around the 
globe) dedicated to the study of active structures and flares on the RS 
CVn system HRI099= V711 Tau. Two exceptional white-light flares were 
detected on 14 and 15 December with remarkable photometric and spectral 
signatures during rise and decay. Equivalent colours, temperature excesses, 
projected areas (0.55 and 0.89 solar disc areas), radiative and kinetic en
ergy budgets were derived for the two white-light flares. At IAU Colloq. 
153, we presented the relation between Doppler imaged spots, extended 
emission and these giant flares, and discussed them in the context of mod
els of magnetic interconnection and filament energy storage between the 
stars. 

1. HR1099 MUSICOS 1989 Objectives and Operations 

The main objectives of this campaign were to obtain information on mag
netic structures on this RS CVn system, through photospheric spots Doppler 
imaging and chromospheric spectroscopic rotational modulation, and to 
monitor the spectral signature and dynamics of flares. The operations, 
participants and first results of the MUSICOS 89 campaign have been 
described in Catala and Foing (1990), Catala et al (1993) and Foing et 
al (1994). A total of 17 telescopes around the globe participated to the 
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HR1099 campaign, with an almost continuous coverage from 14 to 17 De
cember 1989, giving 22 spectra for Doppler imaging, 41 (+28) Ha spectra 
at high (+ medium) spectral resolution. We also measured the Ca II K 
chromospheric plage modulation from 5 to 20 December (Char et aI1990). 

2. Results on HRI099 Magnetic Structures and Flares 

A complete phase coverage over the 2.84 day period of HR1099 was achieved, 
allowing a Doppler imaging of photospheric spots (Jankov and Donati, 
1995). Two exceptional white-light flares were detected photometrically, 
and spectroscopically in Ha. The 14 Dec. 13:00 UT flare was observed 
from China and Catania, and the 15 Dec. 1:00 UT flare from ESO, Hawaii, 
China and Catania (Foing et al 1990, 1994). Part of the flare decay was 
also measured with IUE in lines of low and high excitation, more than one 
day after the last white-light flare. The projected flare areas were estimated 
to 0.55 and 0.89 solar disc areas. We derived the radiative energy budget 
for these two events to 8x1036 and 1038 ergs integrated over the white-light 
events and in the range 310-590 nm, with peak intensities of radiative losses 
of 0.8 and 7 solar constants. These are the largest white-light flares detected 
on a solar-like star. The ratio of optical continuum emission over Balmer 
emission was 3-4 times larger than reported for other flares in the litera
ture. Both flares were shown to occur near the limb, at positions consistent 
with active regions derived from photometric reconstruction and Doppler 
imaging. The kinetic energy budget was estimated from highly broadened 
and shifted Doppler components in the Ha profiles, and found approxi
mately equal to the radiative losses (Foing et aI1994). We could relate the 
sites of white-light flares and coronal mass ejections to the Doppler imaged 
cool spots and hot faculae, and to the Ha emission extending well above 
the primary surface and near the inner Lagrangian points. We discussed at 
IAU 153 these results in the context of magnetic interaction and filament 
energy storage between the binary components. 
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III. Production of Superhot Plasma and High
Energy Particles in the Sun and Stars 

111.3. Models of Flares 



ARCADE FLARE MODELS 

T.G. FORBES 
Institute for the Study of Earth, Oceans, and Space 
University of New Hampshire, Durham, NH 03824, USA 

Much of the recent work on magnetic arcades is motivated by eruptive phenom
ena such as coronal mass ejections, prominence eruptions, and large two-ribbon 
flares. Arcade models of these phenomena are based on a rapid release of mag
netic energy stored in coronal currents. However, the mechanisms by which the 
energy release is triggered vary from model to model. Some models trigger the 
release by a loss of ideal-MHD equilibrium, while others use a non-ideal pro
cesses such as magnetic reconnection. Models which invoke reconnection 
require the presence of a current sheet prior to the eruption of the field, but mod
els which are based on a loss of equilibrium do not. By examining the observa
tional evidence for the existence of a current sheet prior to the eruption, it may be 
possible to determine the type of mechanism which triggers an eruption. 

1. Introduction 

Most models for eruptive flares and coronal mass ejections are based on the 
principle that the energy which drives them comes from magnetic energy stored 
in coronal currents (Svestka and Cliver 1992). The currents may form when a 
flux-tube emerges from the convection zone as shown in Figure la or when the 
footpoints of a pre-existing arcade are sheared, as shown in Figure 1 b. The 
principle theoretical question that the storage models try to address is what causes 
the configuration to erupt (Figure lc). However, there is a secondary question 
which is also important, namely, how does the reconnection of the erupted fields 
occur (Figure Id). 

During an eruption, magnetic field lines mapping from the ejected plasma to 
the photosphere are stretched outwards to form an extended, open field structure. 
This opening of the field creates an apparent paradox since the stretching of the 
field lines implies that the magnetic energy of the system is increasing whereas 
storage models require it to decrease. Aly (1991) and Sturrock (1991) have 
shown that for simply connected fields, the fully-opened state is in fact the high
est energy state of the system. Therefore, to create an eruption with a storage 
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model, one must either start with a field which is not simply connected or avoid 
creating a field which is everywhere open. 

(a) 

(c) 

I I I! I 

I \ \ \ ~" I I I I 

\ \ " ... _ ... " I I 

\ " ... - _... I I 

" ......... ---- / .. 

(b) 

(d) 

Ha 
~ ribbons 

Figure 1. Stages in arcade models of eruptive flares. 

2. Sheared Arcades 

One class of arcade models that has received much attention is based on trying to 
create an eruption by shearing the footpoints of an arcade of loops (Mikic et al. 
1988, Martinelll990, Steinolfson 1991, Inhester et al. 1992). In two-dimen
sional force-free configurations with translation symmetry (i.e. sometimes 
referred to as 2 1/2 D configurations) shearing causes the arcade to smoothly 
expand outwards towards a fully opened state without ever producing an erup
tion. However, in two-dimensional configurations with an axial symmetry, it is 
not yet known for certain whether an arcade will maintain a stable equilibrium as 
its footpoints are sheared. Wolfson and Low (1990) have analyzed a spherically 
symmetric arcade of loops located along the equator of a sphere which is sheared 
by turning the northern and southern hemispheres in opposite directions. Their 
analysis, although not conclusive, suggests that an initially closed arcade of loops 
may erupt to form a partly opened configuration containing a current sheet. 
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Even if no loss of equilibrium or stability occurs, it is still possible to create 
an eruption of the arcade by invoking a resistive instability. Shearing an arcade 
leads to the formation of a current sheet which can undergo reconnection. If the 
reconnection occurs rapidly, say at a rate which is on the order of a few Alfven 
time-scales, TA, then an eruption occurs (Aly 1994). Figure 2 shows a simula
tion of this process by Mikic and Linker (1994). From t = 0 to 540 TA, the 
arcade is sheared with the resistivity as near to zero as possible. After 540 TA the 
shearing is stopped and the resistivity is instantaneously increased to a value 
which gives an effective magnetic Reynolds number of about 104. This increase 
leads to reconnection and the formation of a flux-rope which is expelled out
wards, away from the sun. 

t = 0 

Figure 2. The arcade model of Mikic. and Linker (1994) The evolution 
is nominally ideal until t = 520 fA at which time the resistivity is turned 
on. (i.e. greatly enhanced above the numerical value). 

In order for the above mechanism to work, the reconnection rate must 
undergo a sudden transition. Prior to the eruption it must be slow compared to 
the time scale of the photospheric motions, so that energy can be stored in the 
coronal currents. After the eruption it must be fast, so that energy can be released 
rapidly. Thus, a complete model of the eruption process must explain why the 
reconnection rate suddenly changes at the time of the eruption. There are several 
possible mechanisms which could lead to a sudden increase in the reconnection 
rate. For example, if the reconnection in the current sheet is due to the operation 
of the tearing -mode instability, then reconnection will not occur until the length of 
the current sheet becomes longer than about 2n times its width (Furth, Killeen, & 
Rosenbluth, 1963). Alternatively, as the current sheet builds up, its current 
density may exceed a threshold of a kinetic instability which leads to an 
anomalous resistivity (e.g. Heyvaerts and Priest 1976). The onset of anomalous 
resistivity triggers rapid reconnection and the ejection of a flux rope as illustrated 
in Figure 2. 
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Figure 3. An arcade model containing a flux rope. Eruption occurs 
when the source regions in the photosphere are pushed together. A 
current sheet fonns only after the eruption begins. 

3. Arcades with Flux-Ropes 

If arcades are fonned in the corona by the emergence of a flux rope from below 
the photosphere, it is unlikely that this process always leads to the special case 
shown in Figure 1a where the central axis of the flux rope lies exactly at the 
photospheric surface. It is more likely that the axis will, at least at some loca
tions, rise up to fonn a coronal flux rope which is anchored only at its ends 
(which are out of the plane of Figure 1a). Arcade models which contain such a 
flux rope provide an attractive mechanism for supporting the prominences that 
are often associated with eruptions (Kuperus and Raadu 1974). The upwardly 
concave field lines at the bottom of the flux rope provide an ideal site for support-
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ing cool plasma as it condenses out of the hot corona. More importantly, the 
presence of the flux rope may make it possible for the arcade to lose equilibrium 
and erupt even when no current sheet or x-line is present (Van Tend 1979). 

Figure 3 shows a two-dimensional flux-rope model which loses equilibrium 
when the photospheric sources of the field approach one another (Forbes and 
Priest 1995). When the sources reach a critical distance, which is on the order of 
the initial height of the flux rope, the flux rope jumps to an new equilibrium at a 
higher altitude. The new equilibrium has a vertical current sheet under the flux 
rope, but the total magnetic energy of the configuration is lower than before. The 
amount of energy which is released by the jump is about 5% of the free magnetic 
energy stored in the system prior to the jump. 

The model shown in Figure 3 is somewhat idealized because all of the shear 
in the system is contained in a flux rope which does not intercept the photo
sphere. However, an eruption still occurs even if the radius of the flux rope is 
much larger (Forbes and Priest 1995). Shearing the arcade fields overlying the 
flux rope also enhances the energy released in the ideal-MHD jump (Demoulin et 
al. 1991). Although this particular model does not explain how a flux rope is 
created, it does explain why colliding active regions often lead to eruptive flares 
(Dezju et al. 1980, Kurokawa 1987). 

4. Model Predictions 

In principle, it should be possible to distinguish observationally between the vari-
0us mechanisms discussed above for triggering an eruption. If reconnection is 
operating at a slow rate prior to the eruption, it may reveal itself by low level 
heating of the plasma. Furthermore, weak flare ribbons, perhaps too weak to 
observe, would be present before onset and become bright at onset, and they 
would already be separated as they become visible. By contrast, if the trigger is a 
loss of magnetic equilibrium, then there could be a delay of a few seconds (i.e. an 
Alfven scale time) between onset and the appearance of the ribbons. The various 
possibilities are summarized in Table 1. 

Ribbon timing 
Ribbon location 
Initial shape 

Table 1. Arcade Model Predictions 

Pre-existing 
current sheet 

strengthen at onset 
separated at onset 

elongated 

Pre-existing 
x-line 

appear at onset 
separated at onset 

x -type field at onset 

No current sheet 
or x-line 

appear after onset 
not separated 
arcade / helix 

The appearance and location of the ribbons depends, not only upon the trigger 
mechanism, but also upon the processes which produce the ribbons. Figure 4 
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shows one proposed scenario for the creation of the ribbons and the X-ray flare 
loops lying above them (Forbes and Acton 1996). According to this scenario, 
the outer edges of the flare ribbons map to a neutral line in the corona, while the 
inner edges map to the inner edge of the soft X-ray and UV flare loops. This 
inner edge lies at the feet of the cool H a loops where large downflows are 
observed. The amount of mass which flows down in the H a loops during their 
lifetime is greater than the mass of the entire corona (Kleczek 1964). 

'. hard x-ray region 

". (> \08 K) 

conduction front 

. .. . . , . 
evaporation _~ ..... 

chromo pheric --
downflow 

neutral line 

jet 

AIt--- termination shock 

cooling region 

Hex loops (104 K) 

condensation 
downflow 

Figure 4. A model for the formation of flare loops and ribbons 
by reconnection and evaporation. 

As reconnection proceeds, the neutral line and flare loops move upward, 
while the flare ribbons consequently move outwards. An example of the result -
ing motion is shown in Figure 5 for a long duration flare observed by Y ohkoh 

on 22 April 1993. This flare, which occurred on 1993 Apr 22-23 some 33 0 

away from the limb (heliographic coordinates E53 N24), is a weak event. 
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The characteristic slowing of the ribbon separation velocity with time is a 
property that is predicted by reconnection dynamics (Forbes and Priest 1984, Lin 
et al. 1995). For the 22 Apr 1993 event, the legs of the X-ray loops have little or 
no separation at the onset of the event. Initially, the outer ribbon edges must have 
been less than 3 x 104 km apart and separating at a speed greater than 10 km/s. 
After 10 hours, they are about 1.2 x 105 km apart and nearly stationary. 
However, there are other larger events where the ribbons are widely separated at 
onset (De La Beaujardiere et al. 1995). These events suggest that there is a 
neutral line or current sheet in the corona prior to the eruption. 

350 
93 Apr 22 _ . .".,.,. 

c:: -:; •• 0 .;:: ., ([00 
c<l 
() mD 0 

.....l 0 
.... 

~ 
c:: 250 '0 ~ <Z90 8- ' ... 0 ,. 0 
~ 

• outer loop 

o inner loop 

150 
18:00 22:00 2:00 UT 

Figure 5. The position of the inner and outer edges of the flare loop 
legs as a function of time. The locations are expressed in terms of 
the SXT full resolution half-pixel unit (equal to 1.25" or 890 km). 

5. Conclusions 

The mechanism of impulsive behavior in eruptive events such as large two-rib
bon flares and coronal mass ejections is still a mystery. The rapid onset of most 
eruptions suggests that a loss of magnetic equilibrium or stability occurs, and 
there are two-dimensional MHD models of arcades with flux ropes, which show 
that an eruption can indeed be triggered by small changes in the photospheric 
field. However, at the present time, no one has been able to construct a realistic 
three-dimensional model because of the intractability of the MHD equations. 

An alternative way, to trigger an eruption is to shear the footpoints of an 
arcade until a current layer forms which is thin enough to be unstable to tearing. 
This latter case requires that a current sheet exist prior to the eruption, but at the 
present time there is no direct evidence that such a sheet exists. 
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Even if reconnection is not itself the trigger, it is still an essential aspect of the 
eruption. Without reconnection the magnetic energy release is insufficient to 
explain large events, and a continuous build-up of magnetic flux in interplanetary 
space would occur with time. 

The work was supported by NASA grants NAGW -3463 (Solar SR&T) and 
NAG5-1479 (Space Physics Theory Program) to the University of New 
Hampshire. 
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PROBLEMS FOR ARCADE AND LOOP FLARE MODELS 

REVEALED BY YOHKOH 

YUTAKA UCHIDA 

Science University of Tokyo, Shinjuku-ku, Tokyo 162, Japan 

Abstract. Observation from Yohkoh have revealed new clues that advance 
our knowledge about various solar coronal and flare-related problems. Here 
we concentrate on new clues for arcade and loop flare mechanisms revealed 
by Yohkoh, and draw the readers' attention to some of the problems which 
the widely accepted models for respective types of flares may have to face. 
Alternative possibilities are suggested. 

1. Introduction - Observations from YOHKOH 

The wide dynamic range and rapid cadence of observations by the Yohkoh 
soft X-ray telescope (SXT), together with the co-aligned images of hard 
X-ray telescope (HXT) and the temperature and velocity information de
rived from the Bragg crystal spectrometers (BCS), have demonstrated the 
capability of Yohkoh in revealing the clues to the mechanisms of flares that 
were hidden in the still dark preflare and very early phases of flares. Yohkoh 
observations have also made it clear that the behavior of fainter X-ray ar
cade formation events in the regions far from active regions as part of an 
unexpected dynamicity of the background corona. These arcades are con
sidered to be larger scale, fainter versions of arcade flares, and contribute 
to the clarification of the mechanism for arcade flaring. In the following, 
we deal with arcade flares together with their larger scale fainter version, 
X-ray arcade formation events, as well as another class of flares Yohkoh 
confirmed, namely, small simple loop flares. 
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2. Arcade Flares and Arcade Formations outside Active Regions 

The most widely accepted model for an arcade flare may be said to be 
the "opening-up - reclosing simple arcade model" discussed by Sturrock 
(1966) and others (Hirayama 1974, Kopp and Pneuman 1976, Forbes and 
Priest 1987, Priest and Forbes 1990). Here, we refer to these scenario as 
"classical arcade flare model" . This model assumes that the dark filament is 
suspended on the top of a simple magnetic arcade, and the arcade is pulled 
up and eventually cut open when the dark filament is destabilized and 
flies away. As the legs of the thus-opened field lines are (somehow) pushed 
together from the sides, and reclose through magnetic reconnection. The 
energy in the opened field is thought to be released in the reconnection, 
producing various processes in the flare. 

Our task here is to examine whether this widely accepted "classical 
arcade flare model" is actually the case or not in the light of new Yohkoh 
observations, especially, of still faint initial phases of arcade flares. 

The first clear Yohkoh observation of an arcade flare was for the event 
of Feb 21, 1992, which showed a candle-flame-like shape with a clear dark 
tunnel below it (Tsuneta et a1.l992). This arcade flare observed axis-on 
was taken to support the" classical arcade flare model" because the cusped 
shape resembled what was often depicted in the classical models. 

Further scrutiny, however, showed several features not compatible with 
the classical arcade flare models (Uchida 1996). Those features were found 
in the re-examination of the dark preflare and very initial phases of flare, 
and are (a) the presence of larger scale back-connections from the top of 
the preflare "core" to the photosphere at several times of the width of the 
"core" on both sides, and (b) the presence of a "partition-like" structure 
seen inside the dark tunnel, together with a low-lying bright feature near the 
axis of the tunnel in the initial phase. Similar features, the back-connections 
from the top of the preflare "core" to the photosphere on both sides, and 
a bright feature along the axis of the tunnel, were seen also in the flare of 
Dec 2, 1991 (Tsuneta et al. 1993), and we are sure that the presence of 
these features are not coincidental, but intrinsic (Uchida 1994, 1996, see 
Fig 1a and 1b therein). These suggest strongly that the magnetic fields 
involved in arcade flares may not be a simple bipolar arcade as assumed in 
the classicalarcade flare models. 

Another set of evidence comes from a detailed examination of the pre
event features for the case of X-ray arcade formation events outside of 
active regions. We looked into these because the magnetic configuration 
is larger and simpler, and the processes occur more slowly, and therefore, 
the details of the processes can better be examined. Before Y ohkoh, those 
fainter sources, especially in the pre-event stage, could not be seen so clearly. 
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Figure 1. 1a(top) The pre-event corona of the Feb 24-25,1993 arcade formation event 
shown in Fig. 2. The corona at the relevant location had a double-arcade structure in 
which each of them are on each side of the field-polarity reversal line, but with their 
inside foot points rooted in the nearest parts of the other arcade in an intermingled way. 
1b(bottom) The Kitt Peak magnetogram rotated to the exact position corresponding to 
Fig. 1a. It is seen on close examination that the field-polarity reversal line is only for 
average field, and there is a belt of mixed polarity on both sides of it, explaining the 
intermingled footpoints of those arcades in this region. 

In the Feb 24-25, 1993 X-ray arcade formation event (Fujisaki et al. 
1996), it was found that the pre-event coronal structure had an overlap
ping pair of coronal arcades, one on each side of the polarity reversal line 
above which the X-ray arcade formation occurred with their inner foot
points rooted in the closer part within the domain of the other arcade 
in an intermingled way (Fig. 1a). A close examination of the Kitt Peak 
magnetogram rotated precisely to the times shows that the so-called field
polarity reversal line with an Ha dark filament lying above it is only for the 
average field, and there is a belt with mixed polarity in that region (Fig. 
1b). This explains the intermingled landing of the inner footpoints forming 
an overlapping pair of arcades in the pre-event structure, and effectively 
correspond to the quadruple source configuration (Uchida et al. 1996c). 

The X-ray arcade formation event started with the appearance of a 
bright "spine" rising directly above the polarity reversal line of the "aver-
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Figure 2. Time development of the Feb. 24-25, 1993 arcade formation event. A bundle 
of bright threads ("spine") rose above the (average) field-polarity reversal line with loops 
connecting to the photosphere on the north-west part, and then the western portion of 
the "spine" started ballooning up to result in a large cusp-like structure just like the Jan. 
25, 1992 Giant Cusp event. 

age" field some time after the disappearance of the dark filament. It is quite 
clear that the "spine" was not the locus of the reconnecting points of the 
once opened arcade as expected in the classical arcade flare models, but a 
bundle of longitudinal threads, as already noted in the case of Sep 28, 1991 
X-ray arcade formation event (McAllister et al. 1992). Later, the bright 
"spine" ballooned up at its western part, and this eventually grew into a 
huge cusp-like structure near the limb (Fig 2). Since this structure was very 
similar to the well-known "giant cusp" of Jan 25, 1992 (Hiei et a1.1995), we 
examined (Uchida et al. 1996c) the pre-event coronal structure for the lat
ter case closely. We found even clearer characteristics of non-simple arcade 
in the pre-event coronal structure for the "giant cusp" event. Furthermore 
we found that there was an elongated southern "leg" of the "giant cusp" 
extended to the west by tens of degrees in longitude. This "leg" clearly 
corresponded to the elongated eastern part of the "spine" in the case of 
Feb 24-25, 1993 event. This is difficult to explain in the classical simple 
arcade models. Both of the above-mentioned features in arcade flares and 
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arcade formation events indicate observational problems for the classical 
"opening-up - reclosing simple arcade" picture. 

Our alternative suggestion is to revisit the proposal we made years ago 
that the dark filament suspension may be in the neutral sheet of B.l, the 
magnetic field component perpendicular to the field-reversal line in the 
photosphere in a field due to a quadruple photospheric field sources, say, 
elongated sources A(+), B(-), C(+), and D(-) side by side (Uchida and 
Jockers 1979)(note that the observed mixed polarity belt along the polarity
reversal line of the average field can be regarded effectively as a quadruple 
field). The model has sets of field lines connecting (i) the inner pair, B to 
C, (ii) the outer pair, A to D, (iii) A to B, and (iv) B to D, and thus has a 
neutral point above thecentral field polarity-reversal line between Band C. 
If there is a field component parallel to the polarity reversal line, possibly 
due to the skewness of the outer pair with respect to the inner pair, then 
this component, even weak, will provide a field component dominating in 
this locus of the neutral points. This neutral line in B.l , having BII in 
it, will turn into a narrow sheet if the sources A,B,C and D are squeezed 
toward the polarity-reversal line due to photospheric motion. Mass loaded 
on BII in the neutral sheet of B.l represent the dark filament. Here B.l is 
already "open" due to the effect of the outer pair of sources, not due to the 
cutting up of the strong field by the rising filament. When the dark filament 
flies away, the lines of force connecting A to B, and C to D are squeezed 
into a state directly facing to each other without a separator, the dark 
filament, and provide a reconnection site. A flare will be seen in just the 
cusped shape as observed, if the most intensely heated part is considered. 
The difference from the classical arcade flare models is the presence of the 
high connections from the reconnection site to the regions A and D, just 
like what are found by Yohkoh, together with the lower-lying part of the 
dark filament pressed downward, as a low-lying bright S-shaped structure 
connecting B to C in skew. That may be seen as a partition-like structure 
and a bright feature near the axis of the tunnel when observed along the 
axis. In this model, the reconnection between the squeezed connections A 
to B, and C to D, starts near the neutral line, and the reconnected part will 
also be seen as the bright cusp above the pressed S-shape structure (Uchida 
1980, Uchida et al. 1996b). All those may expand, as observed, because the 
upper part of the structure has been taken away. The advantages of this 
model are to be able to avoid the unnatural way of suspension of the dark 
filament, as well as the energy problem (the dark filament rise should have 
greater energy than the flare itself in order to be able to cut the field open, 
and then the flare would be a minor repairing process), which the classical 
arcade models have. The readers are referred to Uchida et al. (1996b) 



300 

3. Simple Loop Flares 

The treatments for the loop flares in the last one or two decades have been 
restricted to the process of how the heated mass is supplied to the flaring 
loops. Two possible ways for supplying energy to the chromospheric mass to 
fill the flaring loop have been discussed so far (cf., Antonucci et al. 1986): (i) 
"Heat conduction - evaporation (ablation) models" (HCE models), in which 
a production of a superhot heat source is assumed to appear at the loop top, 
and the chromo spheric mass "evaporates" into the loop in response to the 
heat conduction, and (ii) "electron-bombardment - evaporation models" 
(EBE models), in which high energy electrons are somehow created at the 
loop top, and as they impinge into the chromosphere, they produce hard 
X-ray bursts, and at the same time, cause the "evaporation" of the heated 
material into the soft X-ray emitting loop. 

Now, our task is to examine whether what are predicted in these models 
can actually be seen by Yohkoh, or not. 

The loop flare of Feb 17, 1992 that occurred near the west limb has been 
analysed by Uchida et al. (1996a). It showed in its faint preflare stages 
a quite interesting dynamical behavior. First, two footpoints of the loop 
brightened, and then a brightening appeared in the loop top region. Subse
quently, bright blob emerged from that bright region, moved down to the 
footpoints and appeared to bounce back to the loop top (somewhat dif
ferent from what HCE models tell). Eventually, the bright region settled 
down in the loop top region, and increased its brightness about ten times 
and remained as the brightest region throughout the flare life without fur
ther motion. The loop shape deformed into a "question mark" shape in 
projection by the time the bright blob appeared, and the distortion relaxed 
before the flare maximum. 

In this event, one of the hard X-ray sources appeared at the location 
of the SXT loop-top source, and moved down with it, and a strong hard 
X-ray spike burst occurred when the SXT source contacted the northern 
footpoint (Fig. 3). This may suggest that the high energy particles were 
contained in a structure moving with a few hun&ed km/s (most likely an 
MHD shockfront), and dumped when it came to the footpoint, suggesting a 
considerably different situation from the free streaming bombarding particle 
picture in EBE models. 

Another problem is the precise timing relation. The rise of the BCS line 
intensity with blue shift seems to have start 30 sec to 1 min before the non
thermal hard X-ray burst began (Doschek et al. 1983, Tanaka et al. 1983, 
and confirmed by Yohkoh). This may give rise to a problem for the EBE 
models. The rise curves of the BCS line intensities are smooth, and it is not 
likely that the rise part is due to another unrelated small event. It seems 
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Figure 3. Relative location between the soft X-ray (contours) and the hard X-ray 
(half-tone) sources as the flare progressed in its initial phases. It is seen that the footpoint 
hard X-ray sources coincided with those of soft X-rays. A hard X-ray source is seen to 
move with the soft X-ray bright blob toward the northern footpoint, and the hard X-ray 
emission bursted up when the soft X-ray source started contacting the northern foot. 

that there must be some process other than EBE mechanism in operation 
for the very early start up phase of loop flares. In this connection, it may be 
of interest that in the loop flare of Apr 22, 1993, we found a loop top source 
in the HXT /L-band before strong non-thermal footpoint sources appeared. 
This loop top source had a characteristic suggestive of superhot thermal 
source, in favor of HCE models (cf., Masuda 1995). A startling finding, 
however, was that we found a faint but clear pair of footpoint sources with 
the same thermal character before that loop top source. Some process other 
than electron bombardment seem to have started at the footpoints prior to 
the loop top source. 

A loop flare model proposed by Uchida and Shibata (1988) has some 
properties favorable to the new observations. This model was based on 
the view that active regions are where the currents (local twists of the flux 
tubes produced in the convection zone under the photosphere) are disposed 
of and dissipate. Note that the property of the current considered here 
is different from the steady current considered in the so-called" current
circuit model". The current considerd here is a locally self-closed current 
equivalent to a packet of localized twist that can be produced, transferred, 
and dissipated magnetohydrodynamically. Normally, the current disposed 
(either due to relaxation along the loop, or due to some injection through 
magnetic reconnection at the footpoint of a loop) into a loop causes a 
heated gas injection by the so-called sweeping pinch effect (Uchida and 
Shibata 1984). The hypersonic (Alfven velocity in low-,6 corona) heated 
gas flow along the loop may correspond to the "active region transient 
brightenings" found in active regions by Yohkoh (Shimizu et al. 1992). If, 
in contrast, the disposition of such current packets may take place, with 
certainly much smaller probability, from both ends of one and the same 
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loop, then a very high temperature region will be produced when two of 
the hypersonic flows collide at a high part of the loop and convert their 
kinetic energy into heat in shocks, and the magnetic energy of the toroidal 
component into unwinding motion, and ultimately into heat [Uchida and 
Shibata 1988, referred to here as DCI (dynamic current injection) model]. 

A distortion of the loop in the early phase, and relaxation before the 
flare maximum, may be most naturally explained in this DCI model as due 
to helical kink instability when the amount of the toroidal flux is maximum 
before annihilation starts following the collision at the loop top. High energy 
particles are first accelerated in betatron acceleration in the pinch, and 
accelerated further to higher energies with Fermi I process between the twist 
pa.ckets approaching to each other with Alfven velocity. The electrons and 
ions will be released simultaneously from the region between the "pistons" 
when the magnetic twists decreased in the unwinding through the collision 
with the opposite helicity packet. 

The a.uthor acknowledges all the members ofthe Yohkoh Team for their 
cooperative efforts in the construction of hardware and software, in the 
operation of the satellite, and in the data analysis, all those making the 
wonderful satellite successful. 
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BIFURCATION AND STABILITY OF THE CORONAL 

MAGNETIC FIELD 

K.KUSANO, Y.SUZUKI, K.MORIYAMA, K.FUJIE 

AND 

K.NISHIKAWA 
Department of Materials Science, Faculty of Science, 
Hiroshima University, Higashi-Hiroshima 739, Japan 

1. Introduction 

It is widely believed that a solar flare is an event in which the free en
ergy accumulated in the coronal magnetic field is catastrophically released. 
However, current understanding ofthe question of what triggers flare events 
is not yet theoretically unified. We investigate the magnetohydrodynamics 
(MHD) of the solar coronal magnetic field based on the Woltjer- Taylor min
imum energy principle (Woltjer, 1958; Taylor, 1974) as well as using the 
numerical simulations, and propose the new insight that a solar flare is a 
transition process between bifurcated equilibrium branches. 

2. Minimum Energy Coronal Magnetic Field 

We obtain a general solution for the Woltjer-Taylor minimum energy state 
in the solar coronal geometry, which is modeled as a rectangular domain. 
It is found that the solution bifurcates into two different branches when 
the magnetic helicity integral or the geometrical factor defined as the ratio 
of the height to the width of the domain is sufficiently increased (Kusano 
et al., 1995). One branch is a coupled solution (CS), which connects with 
the potential field, and another is a mixed solution (MS), which consists 
of the CS and a component decoupled from the potential field. The topo
logical structure in the magnetic field is different between two branches 
(CS and MS). Whereas in the CS any magnetic field line connects with the 
photospheric boundary, the MS possesses an isolated flux tube (plasmoid). 

Once the solution bifurcates into the CS and the MS, the CS becomes 
unstable against global MHD perturbations. Through detailed stability 
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analyses, we find that there are two different instabilities for a coronal 
arcade which is in the Woltjer-Taylor state. One is the symmetrical mode 
instability (SMI), in which the magnetic arcade expands keeping trans
lational symmetry for the direction parallel to the magnetic neutral line. 
Another is the undulating mode instability (UMI), in which the magnetic 
arcade periodically swells along the magnetic neutral line. 

3. Numerical Simulations 

In order to investigate the nonlinear dynamics of the SMI, we carry out 
two-dimensional MHD numerical simulations. The initial state is given by 
the CS plus the small perturbation which is the most unstable linear eigen
function. We can numerically observe that the nonlinear development of the 
instability causes magnetic reconnection which generates plasmoids on the 
top of the magnetic arcade. The reconnection process can release about half 
of the excess energy in the timescale as short as about ten times the charac
teristic Alfv€m transit time. It is confirmed that, as a result of reconnection, 
the decoupled component is generated and the magnetic configuration is 
switched from the CS into the MS. 

4. Bifurcation-Transition Flare Model 

Based on the analyses above, we theoretically propose that a solar flare 
is a transition process between the bifurcated Woltjer-Taylor states. The 
theory predicts that the solar flare is triggered when the vertical size of the 
coronal magnetic loop becomes longer than the horizontal size. Since the 
topological structure in the coronal magnetic field must be dramatically 
changed in the transition process, magnetic reconnection must accompany 
a solar flare in general as observed in the numerical simulations. These 
results are quite consistent also with the recent observations (Masuda et 
ai., 1994). 

References 

Masuda, S., Kosugi, T., Hara, H., Tsuneta, S., and Ogawara, Y. (1994) A Loop-top Hard 
X-ray Source in a Compact Solar Flare as Evidence for Magnetic Reconnection, 
Nature 371 pp. 495-497 

Kusano, K., Suzuki, Y., and Nishikawa, K. (1995) A Solar Flare Triggering Mechanism 
Based on the Woltjer-Taylor Minimum Energy Principle, Astrophys. J. 441 pp. 942-
951 

Taylor, J.B. (1974) Relaxation of Toroidal Plasma and Generation of Reversed Magnetic 
Fields, Phys. Rev. Lett. 33 pp. 1139-1141 

Woltjer, 1. (1958) A Theorem on Force-Free Magnetic Fields, Proc. Nat. Acad. Sci. 
(USA) 44 pp. 489-492 



MHD SIMULATIONS OF CORONAL CURRENT SHEET 
DYNAMICS 

B. KLIEM AND J. SCHUMACHER 
Astrophysical Institute Potsdam 
An der Sternwarte 16, D-14482 Potsdam, Germany 

Dynamical processes in current sheets in the coronae of the Sun and stars 
are supposed to be the origin of various impulsive energy release phenomena 
ranging from non-resolvable events ('nanoflares') up to the largest flares. 
The occurrence of hard X-ray and radio spikes with time scales tlt down to 
'" 0.02 s in flares suggests that the energy release is fragmentary, occurring 
in small parts of the whole energy release region at scales 1 '" VAtlt '" 
107 em (for coronal parameters N = 1010 cm-3, T = 2.5 X 106 K, B = 
200 G). 

We study current sheet dynamics initiated by the localized occurrence 
of anomalous resistivity in several spots scattered along the sheet. This 
implies that the sheet has a width, 21es, which corresponds to the current 
density threshold for onset of a kinetic instability, JCT' Taking the LHD 
instability as an example, we have les < lCT '" 4f3-1r ci '" 7 x 103 em (f3 -
plasma-beta). On the other hand, the extent, Les, of the current sheet is 
determined by the scale of the driving process and will be of order 109 em or 
higher. Since Lcs/lcs > 105 , one cannot expect that the threshold for the 
kinetic instability is reached simultaneously along most parts of the sheet, 
instead it will first be reached at one or a few points scattered along the 
sheet (which will be distinguished due to fluctuations of plasma parameters 
with spacings> Amfp '" 5 X 106 em). Since the kinetic instabilities develop 
practically instantaneously as compared with MHD time scales, anomalous 
resistivity will be produced locally before the threshold of kinetic instability 
is reached in intermediate sections of the sheet during the MHD evolution. 

Our model is the Harris current sheet, B = Bo tanh(y/les) ex, of uni
form density at rest, initially disturbed by a few anomalous resistivity spots. 
We use a 2D Lax-Wendroff scheme with open boundaries. After t = 4TA, 

the resistivity is determined self consistently from the local current density: 

( t) - { "70 for j < JCT 
"7 X, y, - - 25 25( . .) £ . . "7an - "70 + J - JCT or J > JCT 
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The occurrence of several localized areas of anomalous resistivity has 
two primary effects, both of which lead to a very dynamical evolution of 
the sheet: it creates current filaments (magnetic islands) and jets (localized 
flows) emanating from the T]an-spots. Fig. 1 shows the creation of islands 
by five initially prescribed T]an-spots ("induced tearing") and the coales
cence of the islands. Subsequently the coalesced island undergoes repeating 
phases of expansion and renewed compression by newly formed jets from 
the outer X-points. Finally the island tears into pair, which is accelerated 
by a jet from the central X-point to "'" O.4VA and leaves the box. At the 
front side of moving islands the flux is piled up such that localized neg
ative current density enhancements temporally occur, while at the back 
side of coalescing islands new plasma is pulled into the sheet, which leads 
to positive current density enhancements. Both effects are present at mag
netic Reynolds numbers Rm = 200 and increase towards higher Rm: current 
density enhancements by a factor;:; 10 occur for Rm ;:; 104 . The whole evo
lution comprises a sequence of kinetic energy peaks and electric field peaks 
suggestive of fragmentary energy release and bursty particle acceleration. 
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Figure 1. Snapshots of dynamic current sheet evolution: Magnetic field lines and current 
density (grayscale, ranging from -2.9 [dark] to 3.5 [light]). Rm = 2000, f3 = 0.1, jer / jo = 2; 
time in units of TA = lOS/VA. 



THE ACTIVE ROLE AND MODELS OF RECONNECTING 

CURRENT SHEETS IN THE SOLAR ATMOSPHERE 
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Astronomical Institute of the Moscow State University 
Universitetskii Prospect 13, Moscow B-234 , Russia 119899 

1. Introduction 

Before the Yohkoh mission, the process of magnetic reconnection in current 
sheets as a mechanism, which accumulates the energy of interacting mag
netic fluxes and suddenly releases it in the solar atmosphere, was a matter 
of strong debates and doubts. Here both theoreticians and observers seemed 
to have strong feelings, often based on belief rather than indisputable the
oretical or observational grounds. For example, many years ago, the the
oreticians (see review [1]) argued that current sheets can create very fast 
directed ejections of plasma during the stage of fast reconnection. However, 
only after the observations of the so-called 'X-ray jets' by SXT on Yohkoh 
[2], this idea looks well supported by observations and numerical model
ing. Moreover, the idea that reconnecting current sheets (RCS) playa key 
role in cOllversion of accumulated magnetic energy to kinetic and thermal 
energies of ejected plasmas [3J becomes obvious. 

2. Models of Reconnecting Current Sheets 

High-temperature RCS in the solar atmosphere are essentially collisionless. 
The anomalous' coefficients of electric and thermal conductivity have to 
be used to describe the plasma inside the sheet (see Chapter 3 in [4]). 
That is why they are called the high-temperature turbulent current sheets 
(HTTCS). However, the idealized model of neutral RCS cannot explain 
the rate of energy release in solar flares. Real RCS are non-neutral in 
two senses. They are magnetically non-neutral. It means they have small 
transverse component of magnetic field, which increases the energy output 
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of the RCS and its stability, as well as the longitudinal component, which 
allows to accelerate electrons in RCS more efficiently (for a review see [5]). 

As well known, the electric charge separation creates the transverse 
electric field outside the RCS. In this sence the RCS are also electrically 
non-neutral. The transverse electric field efficiently 'locks' non-thermal ions 
in the vicinity of the RCS, thus allowing their acceleration by the direct 
(lomgitudinal) electric field related with the reconnection process [6J. 

The model, describing in terms of self-similar solution the process of sur
ronding plasma heating by thermal fluxes from a magnetically non-neutral 
HTTCS [7], is presented. This model demonstrates very high efficiency of 
such mechanism of coronal heating in active regions and flares; it can be 
used to compute the differential emission measure, spectral line intensities, 
and spatial distribution of soft X-ray emission observed by SXT on Yohkoh. 
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THE EVOLUTION OF MAGNETIC ARCADES 

UNDER FOOTPOINT MOTION 

G. S. CHOE AND L. C. LEE 
Geophysical Institute, University of Alaska 
Fairbanks, AK 99775, USA 

A typical sequence of a solar eruptive process consists of distention of the 
helmet, formation of a CME loop, prominence eruption, opening up offield 
lines and a flare (e.g., Hundhausen, 1995). The partial opening of magnetic 
fields is usually regarded as a result of magnetic nonequilibrium, which is 
an ideal MHD process. As far as force-free magnetic fields are concerned, 
numerical (Mikic and Linker, 1994; Roumeliotis et ai., 1994) and analytical 
(Lynden-Bell and Boily, 1994) studies have shown that magnetic fields tend 
to open when the footpoint shear exceeds a certain critical value. However, 
no field opening has been observed in a numerical simulation with a non
zero j3 plasma (Mikic and Linker, 1994). In the resistive MHD simulation 
by Mikic and Linker (1994), magnetic reconnection takes place in a sheared 
arcade, but the field configuration is far from a partially open field. In this 
paper, the evolution of solar magnetic arcades under footpoint shearing is 
studied using MHD simulations and a magnetofrictional method in a 2-D 
Cartesian geometry. In this geometry, there is no opening up of field lines, 
which is though not a disadvantage of the study as far as a non-zero j3 
plasma is concerned. 

The ideal MHD evolution of magnetic arcades in a low j3 plasma is 
found stable for all the shear values we tried. The evolutionary sequence 
under foot point shearing is composed of three distinct phases. In the first 
phase, the overall arcade expansion is very mild, but the growth rates of the 
toroidal field strength, toroidal field energy and toroidal current density are 
the highest of all three phases. In the second phase, the toroidal field starts 
to decrease and there is little variation in the maximum toroidal current 
density. In the third phase, the most remarkable feature is the formation of 
a central current layer, where the toroidal current density keeps increasing 
with increasing shear. The current layer is found to bifurcate a bit above 
the bottom boundary and the footpoints of the current layer get close to 
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each other as the shear increases. It can be thus inferred that the open field 
with a tangential discontinuity is an asymptotic state for an infinite shear 
in a 2- D Cartesian geometry. 

By applying resistivity to pre-sheared arcades, we have found that there 
exists a critical value of shear, beyond which magnetic reconnection can 
take place and a magnetic island can be formed. Interestingly, this critical 
shear approximately coincides with the starting point of the third phase in 
the ideal MHD evolution. The characteristic of resistive evolutions depends 
on the spatial pattern of resistivity. With a spatially uniform resistivity, 
fast reconnection rates cannot be achieved with small shock angles. When 
resistivity is confined to a very small region, reconnection outflows are so 
highly collimated to tear the magnetic island into a pair. The island system 
thus resembles the prominence of a broken shape as observed during a 
CME. The tip ofthe island system propagating with a high speed generates 
either a fast mode structure or a fast shock propagating a distance ahead, 
which corresponds to a CME loop. After the island system is ejected out of 
the computational domain, a considerable portion of the flux still remains 
unreconnected to form a partially open configuration. 

When an arcade is sheared under non-zero resistivity from the potential 
field, a bursty reconnection is repeated at some time intervals creating a 
new island. This process may explain the phenomena of homologous flares. 
When a new island is formed, the line-tied field enclosing it as well as the 
field in it are reconnected very rapidly with the field of the island formed 
earlier, and two islands quickly merges. The resulting field configuration 
contains less flux in the island system than before the merging and shows 
highly stretched line-tied fields. It is thus suggested that more field lines 
can look open at least in a finite domain by a reconnection process effecting 
transition to a lower energy state. 

From our simulation results, it is inferred that the swelling of the helmet 
before a CME can be attributed to an ideal MHD process. To the contrary, 
the main process of a CME, which involves a lot of kinetic energy, is re
garded to result from magnetic reconnection. 
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HYDRODYNAMIC MODELING OF FLARES WELL-OBSERVED 

BY YOHKOH/SXT 

F. REALE AND G. PERES 

Istituto e Osservatorio Astronomico di Palermo, Palazzo dei 
Normanni, 1-90134 Palermo, Italy 

AND 

H.HUDSON 
Institute for Astronomy, University of Hawaii, Honolulu, HI 
96822, USA 

By comparing X-ray image sequences collected by Yohkoh/SXT and the 
hydrodynamic calculations made with the Palermo-Harvard code (Peres et 
al. 1982) we aim at physical insight of soft X-ray solar flares. 

SXT flare images, with their simultaneous high spatial and temporal 
resolution, are very informative, but their physical content is not obvious, 
since the brightness distribution results from a non linear folding of the 
emission from a highly structured plasma through the instrument filters. 
In order to have a deeper interpretation of SXT data, our approach is 
to fold the results of our hydrodynamic model, providing the evolution 
of density, temperature and velocity along the loop, with the instrument 
spectral response in its various filters, to synthesize loop images as they 
would be detected by SXT, and therefore compare them directly to real 
images. The power and validity of this approach has already been shown 
in Peres & Reale (1993) and Reale & Peres (1995). 

Here we try to model a specific event occurred in January 13, 1992 
at 17:30 UT, selected as appropriate for modeling because it is a limb 
flare inside a semicircular loop, with very clear and steady geometry, and 
observed in detail by Yohkoh/SXT. This flare has been already analyzed 
by Masuda et al. (1994) and Doschek et al. (1995). In our study, we first 
derive relevant loop characteristics and parameters from the observation: 
the loop semilength is ~ 2 109 cm and the peak flare temperature ~ 15 MK. 
For a first set of simulations, we have assumed a single flaring loop whose 
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Figure 1. Model flare light curves in two SXT bands (cf. labels and text) obtained 
with the Palermo-Harvard model (solid line) and observed data (points). In the model 
we assume a flare heating constant for 300 s and then decaying with an e-folding time 
7' = 800 s. The heating is deposited at the loop apex~ with a characteristic gaussian width 
of 5 10' cm and maximum intensity of 2.2 erg cm- S-1. 

geometry does not change during the evolution, and a transient heating, 
located either at the apex or at the foot points of the loop. 

We compare the model results to the data in various SXT bands on two 
progressively higher levels of detail: i) the whole loop light curve; ii) the 
evolution of the loop brightness morphology during the flare. One of the 
first simulations has given a good fit to the light curves observed with the 
two hardest SXT filters (AI 12 I'm and Be 119 I'm), under the assumption of 
transient flare heating deposited at the loop apex (Fig.1). An equivalently 
good fit could not be obtained with a heating at the loop footpoints, proving 
that the light curves provide a diagnostics of the heating (Peres et al. 1987). 

Fitting the brightness evolution in the images is a more difficult task. 
The observation shows us that the loop initially has very bright foot points 
in both bands, and, after about 100 sec, the apex becomes steadily the 
brightest loop region. While the model can reproduce the initial bright
ening of the loop footpoints, a possible signature of the so-called chromo
spheric evaporation, such a long-lasting steady brightening at the loop apex 
is harder to simulate. Therefore, the interpretation of all the details of the 
emission during this flare requires further analysis and modeling. 
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ON THERMAL HYDRODYNAMICAL MODEL OF 

SOLAR FLARES 

W.Q. GAN 
Purple Mountain Observatory 
Nanjing 210008, China 

The existing hydrodynamical models of solar flares predict a predomi
nantly blueshifted emission of the CaXIX w line at the early phase of the 
flare. The theoretical blue shift is as large as 3 to 6 mA( e.g., Gan et al. 
1992). However, observations from previous missions showed that, except 
for a few flares in which blueshifted Ca XIX emission dominates, the Ca 
XIX w line exhibits more commonly blue-asymmetric line profile, with the 
stationary component much stronger than the blueshifted component (e.g., 
Doschek 1990). Recent observations obtained by the Bragg Crystal Spec
trometer (BCS) on Yohkoh, with higher temporal resolution and sensitivity, 
have shown that most flares exhibit blueshifted Ca XIX and Fe XXV lines 
before and during the corresponding hard X-ray burst in the rise phase of 
the flares (e.g., Cheng, Rilee, & Uchida 1994). In addition, there are a few 
flares that show downward mass motion manifested as redshifted Ca XIX 
lines (e.g., Mariska, Doschek, & Bentley 1993). To account for the newly ob
served behavior of Ca XIX and Fe XXV emissions, it is appropriate to make 
some refinements of the hydro dynamical models, with different parameters, 
such as loop geometry, heating function, initial atmospheric state, and the 
effects of two or three dimension transportation. In this paper, we investi
gate the effects of a high coronal density in the initial model atmosphere 
for a thermal hydrodynamical model. 

The detailed algorithm used here can be found in the papers of Gan 
& Fang (1990) and Gan et al. (1991). We assume that the flare process is 
confined in a semicircular loop with a constant cross section, whose two foot 
points are located in the deep layer of the photosphere. The chromospheric 
part is properly included besides the coronal part. The thermal energy is 
assumed to be released around the top of the loop. 

We have considered several cases for the initial model atmosphere with 
a high coronal density (5"'11 X 1010 cm -3). The results of the hydrody-
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namic simulation show that, in the initial phase of the flare, there is always 
a strong downward motion in the corona. This motion with a velocity as 
large as 700 km s-1 can last a few tens of seconds, leading to a pronounced 
redshift of CaXIX w line. This is not consistent with the observations of ma
jority of flares which show predominantly blue-shifted or blue-asymmetric 
Ca XIX and Fe XXV lines. However, the results could account for the red
shifted Ca XIX emission observed in a small number of flares, indicating 
a high initial coronal density in these flares. We conclude that only when 
initial coronal density is smaller than 1010 cm -3 can the strong downward 
motion of the coronal material at the early phase of the flare be suppressed. 
Taking together the present and previous results of flare simulations, it ap
pears that a model with both thermal and nonthermal energy sources may 
be more realistic in describing the flare hydrodynamics. 
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MHD SIMULATION OF X-RAY JETS BASED ON MAGNETIC 

RECONNECTION MODEL 

YOKOYAMA, T. AND SHIBATA, K. 
National Astronomical Observatory 
Mitaka 181 Japan 

X-ray jets are a new phenomenon discovered by the soft X-ray tele
scope (SXT) aboard the Yohkoh satellite (Shibata et al. 1992; Shimojo et 
ai. 1995). Shibata et ai. (1994) proposed a phenomenological model in which 
X-ray jets are accelerated and heated by magnetic reconnection between 
emerging flux and pre-existing coronal magnetic field. We performed two
dimensional MHD numerical simulations of this model (for detailed results, 
see Yokoyama and Shibata 1995a,b). When the coronal field is horizontal, 
a pair of horizontal jets (two-sided-loop type jets; Fig.1a) is ejected. When 
the coronal filed is vertical or oblique, a vertical or oblique jet (anemone-jet 
type; Fig.1b) is ejected. One of the interesting results is that reconnection 
produces not only hot (X-ray) jets but also cool jets which may correspond 
to Ha surges. This may explain the observed simultaneous co-existence of 
an Ha surge with an X-ray jet and (small) X-rayfiares (Canfield et al. 1995; 
Okubo et ai. in these proceedings). 
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Figure 1. Sim ulation results of (a) the horizon tal coronal field case which models the 
two-sided-Ioops(jets) type interaction, and of (b) the oblique coronal field case which 
models the anemone-jet type interaction. Two-dimensional plot of temperature (gray 
scale), magnetic field lines (solid lines) and flow field (arrows, whose length indicate 
velocity) are shown. The scale of length, velocity, temperature are 200km, 10km/sec, 
104 K, respectively. (c) Schematic picture of results. 



ENERGY RELEASE IN THE CURRENT-CARRYING 

MAGNETIC LOOPS 

V.V. ZAITSEV 
Institute of Applied Physics, Russian Academy of Science 
Ulyanov st., 46, Nizhnii Novgorod, 603600, Russia 

In the present talk we consider 1) generation of currents inside a mag
netic loop due to photospheric convection; 2) some features of a steady
state Joule dissipation of these currents; 3) possibility of explosive Joule 
dissipation caused by current disruption in a magnetic loop due to a flute 
instability. Generation of an electric current in a magnetic loop by a photo
spheric plasma motion is described by a generalized Ohm's law, and by an 
equation for a plasma motion. If velocity of convective motion in the pho
tosphere V = {Vr,O,O}, where Vr = Vorjro (r < ro), Vr = Vorojr (r > ro) 
is directed towards the axis of a vertical magnetic loop, we obtain the fol
lowing set of equations for the components Bz , Br.p of magnetic field in the 
loop: 

411'0'Y,. Bz 
c2 1 + aB; + aB~ , 

e2n 0' F 
where 0' = ( , a = 2 ' Vei, Vea , Via are respectively effec-

me Vei + vea ) C nmiVia 
tive frequencies of collisions of electrons with ions and neutrals, and ions 
with neutrals, Pk, is gas kinetic pressure, p, plasma density, F = Paj p, 
relative density of neutrals, n, number density of electrons. 

The characteristic radius of the magnetic tube is determined by the 
B 2(O)F 

formula (Henoux and Somov, 1991) ro = .. I V; I ( I)' Total 411'nm1 V1a 0 1 - n2 
longitudinal electric current I z generated in the magnetic loop is determined 
in the followi,ng way: 

Iz = 211' roo ~ o(r Br.p) rdr = cB;(O)F (2) 
Jo r or 811'nmilJia I Vo I (1 - In2) 
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For upper photosphere (h = 500km) this current can be sufficiently 
large for production of a flare (Iz ~ 1012A for I VO I~ O.lkm· 8-1 , Bz(O) = 
2 ·103 G). The arguments given by Melrose and Khan (1989) that all exist
ing photospheric dynamo models are untenable can not be cogent because 
they did not take into account the Ampere's force in their analysis of the 
problem. 

In the upper photosphere where the inequality nB2 ~ 1 is satisfied the 

f d J I d··· nmWiaVr2(r) 4 rate 0 a stea y-state ou e IsslpatlOn qJ = F ~ 1. 7· 10 erg· 

cm-3 ·8- 1 may be much more effective than the optical radiation losses (Sen 
and White, 1972). So this dissipation can cause a temperature increase at 
a photospheric foot-points of a loop. Moreover, if velocity of convection is 
maximal near the boundary of a loop, the surface of a loop should be hotter 
in comparison with its inner parts. 

Explosive Joule dissipation is based on a strong increase of a resistance 
of a loop due to flute instability (Zaitsev and Stepanov, 1992), In this case 

a rate of the Joule dissipation qJ = 2 F2 (j X B)2 gives the energy 
c nmiVia 

release of the order of one of a solar flare for the most effective case when 
a current is perpendicular to a magnetic field (j .1 B). Wheatland and 
Melrose (1995) noticed that under the coronal conditions a magnetic tube 
is a force-free one, so a current density j is practically parallel to a magnetic 
field and it is difficult to explain the energy release of a flare by explosive 
Joule dissipation. However, we must take into account that the flux of a 
prominence or chromospheric plasma penetrating into the current channel 
due to flute instability changes a structure of a magnetic field in the loop 
in accordance with the induction equation. And as a result a force-free 
structure of a loop is disturbed. 
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IV. Magnetic Behavior of the Sun and Stars 
and Their Activity Cycles 

IV.1. Active Zones and Coronal Holes of the Sun 
and Thier Cycle Variation 



MAGNETIC ACTIVITY CYCLE IN THE X-RAY CORONAL 

STRUCTURES 

H.HARA 
National Astronomical Observatory, Mitaka, Tokyo 181, Japan 

Abstract. 
This paper reviews a study of the large-scale coronal activity of the 

Sun related to the ll-year activity cycle, based upon the Yohkoh soft x
ray observations. Yohkoh was launched in August 1991, just after the solar 
maximum of the cycle 22, and continues to observe the Sun in the min
imum phase of the magnetic activity cycle. The soft X-ray flux from the 
whole Sun in the declining phase essentially decreases with the decreasing 
sizes of active regions, and with the decreasing X-ray surface brightness of 
background components which consist of quiet regions and coronal holes. 
The soft X-ray flux does not monotonically decrease, but there are periods 
of enhancement with about a one-year interval in the whole-Sun X-ray flux. 
The activity appears as bright clusters in the butterfly diagram of the soft 
X-ray flux, and corresponds to the emergence of complexes of activity in 
the sunspot zones. At high latitudes we find that the X-ray intensity fluc
tuates with a time scale of about one year. There is no poleward-drifting 
pattern extending from the bright low-latitude regions in the time-latitude 
diagram of X-ray intensity, though such a poleward-drifting pattern is seen 
in the time-latitude diagram of photospheric magnetic flux. 

1. Introduction 

We study the evolution of the solar corona in the declining phase of the 
cycle 22 based upon the Yohkoh soft X-ray observations. It is well known 
that the soft X-ray flux changes with the relative sunspot number and 
total photospheric magnetic flux in phase. Although the X-ray variability 
has long been monitored by simple photometric data (e.g. GOES soft X-ray 
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Figure 1. Soft X-ray images near the solar maximum (left) and minimum (right) phase. 

data), the soft X-ray telescope (SXT; Tsuneta et at. 1991) aboard Yohkoh 
(Ogawara et at. 1991) allows us for the first time to study the long-term 
soft X-ray variability of individual coronal structures in detail. Yohkoh has 
been observing the Sun since September 1991 during a period in which the 
solar activity was drastically changing (figure 1). 

Yohkoh soft X-ray full-disk images taken with thin-AI filter are used in 
the present study. The pixel size ofthe images is about 5". We use soft X-ray 
intensity histograms which are made from the X-ray images for the pur
pose of investigating the long-term variability of the solar corona. Coronal 
synoptic charts are made from the X-ray images to see a relation between 
structure in the temporal variation of the soft X-rays and the correspond
ing spatial structures. By using all X-ray synoptic charts, we show zonal 
structures at both low and high latitudes. The high-latitude zonal struc
tures are discusssed in association with the extended solar activity cycle 
whose concept is recently proposed by Wilson et al. (1988). 

2. Long-Term Soft X-ray Variability of the Sun 

Figure 2 shows an intensity histogram [-dN(> I)/dlj of a soft X-ray image 
as a function of X-ray intensity I, where N(> I) is the number of pixels 
with X-ray intensities larger than I. The unit of soft X-ray intensity I is 
DN /s/5" pixel, where 1 DN is equivalent to an energy deposition of approx
imately 365 eV onto one pixel of the CCD. The ordinate of the histogram is 
proportional to the projected area in a givenjntensity range. At an X-ray 
intensity of 100 DN /s/5" pixel, the histogram slope typically changes. This 
X-ray intensity threshold discriminates active regions from other darker re
gions as seen in figure 2. Active regions correspond to a power-law portion 
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Figure 2. A soft X-ray histogram (bottom-right) on 1993 June 16 made from an SXT 
composite image (top-right) within 0.86 R0 . AR and QR indicate active and quiet re
gions, respectively. Left figures show the locations which correspond to three portions 
separated by the intensity thresholds given in the bottom-right figure. Circles in the 
X-ray images show the limb of the Sun. 

in the X-ray intensity histogram, and darker regions, which consist of quiet 
regions and coronal holes, show a different slope of intensity distribution in 
the histogram (Hara 1994). 

Figure 3 shows the temporal variation of the soft X-ray flux. The sinu
soidal curve in the. bottom-left of the figure reflects the change of the area 
due to the seasonal variation of the distance between the Sun and Earth. 
The total X-ray flux (top-left in figure 3) gradually decreases with time, 
oscillating with time scales of ",27 days and '" 1 year. The period of ",27 
days is due to the solar rotation and implies the nonuniformity of occur
rence of the bright regions in longitude. The modulation of one-year period 
in the X-ray flux can be also seen in the temporal variations of the total 
magnetic flux (Harvey 1993). In the previous cycle, 10.7 em radio flux, Ca 
K pi age index, and La flux also show a modulation of one-year period in 
the declining phase (Pap et al. 1991). 

When we define the mean surface brightness of the active regions B as 

B == tX> I. (_ dN(> I)) dI. [ roo (_ dN(> 1)) dI] -1 , (1) 
11th dI 11th dI 
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Figure 3. Temporal variation of the soft X-rays in the region within 0.86 R0 . The 
lO-days' running mean of the integrated X-ray intensity I (top) and the number of image 
pixels Npixel (bottom) are shown. Integrations over the whole region (left), active regions 
(middle), and dark regions that consist of the quiet regions and coronal holes (right) are 
indicated. The annual variation of distance between the Sun and Earth is corrected in 
the top figures. 
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Figure 4. Temporal variation of the surface brightness of active-region corona defined 
by equation (1). 

where Ith = 100 DN /s/5/1 pixel, it does not systematically decrease for about 
three years during the declining phase of the cycle 22, though there is a 
large fluctuation around the mean value in a short time scale less than 
one month (figure 4). The fluctuation is associated with the different X-ray 
intensity distributions of active regions appearing at certain periods (Hara 
1994). 
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We call a region where I < 100 DN /s/5/1 pixel "background corona" 
here. So-called quiet regions and coronal holes are constituents of this back
ground corona. Although an X-ray flux monitor such as those aboard the 
GOES satellites has been mostly monitoring the variation of bright re
gions, i.e. active regions, such an observation cannot discriminate between 
the background corona and the active regions because of lack of spatial 
resolution. We show the variation of the X-ray flux from the background 
corona based upon full-disk observations in the top-right portion of figure 3. 
Since the area occupied by the background corona is almost constant over 
the observing period as seen in the bottom-right of figure 3, the background 
corona has changed its brightness in the declining phase of the current cy
cle. The X-ray intensity from the background corona around 1995 March is 
smaller than that around 1991 October by a factor of three. The decrease 
of X-ray intensity from the background corona is well seen as a shift of the 
peak to the darker side in the X-ray intensity histogram (Hara 1996). 

3. Low-Latitude Activities 

The time-latitude diagram of the soft X-ray intensity is presented in figure 
5. This figure is made from the soft X-ray synoptic charts by averaging 
the X-ray intensity in the direction of the Carrington longitude. Therefore 
structures in the longitudinal direction are smeared out. In low-latitude 
regions (0 < 30°) it is clear that bright structures intermittently appear, 
and an active phase roughly comes almost everyone-year interval, though 
there are also cases of shorter intervals. These bright structures correspond 
to the bumps in the soft X-ray temporal variation as seen in the figure 3. 
The bright structures do not consist of a single active region with a long 
lifetime about one year, but they comprise many active regions because 
they have several local maxima inside of their own structures in both the 
latitudinal and temporal directions. The bright regions in the low latitudes 
of the time-latitude diagram consist of clusters of active regions, that is, 
complexes of activity found in the magnetic-field observations (Bumba & 
Howard 1965, 1969; Gaizauskas et al. 1983). 

4. High-Latitude Activities 

We can also see activity at high latitudes in figure 5. The X-ray intensity 
in high-latitude regions fluctuates with time. Periods when high-latitude 
regions become bright are Carrington rotations 1862-1865, 1877-1879, and 
1889-1891 in the northern hemisphere, and 1863-1869, 1877-1882, and 
1895-1899 in the southern hemisphere. Although these phases roughly coin
cide with times. when the distance between the Sun and Earth is minimum, 
it is a mere coincidence because the seasonal variation of the distance has 
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Figure 5. Time-latitude diagram of soft X-ray intensity through the thin Al filter, 
which covers a period between Oct 1991 and Jan 1996. The annual change of the distance 
between the Sun and Earth is corrected. Iso-intensity contours are indicated by white 
(black) lines for low-latitude (high-latitude) regions. The step of contour levels is constant 
in logarithmic scale, and the intensity at a certain contour level is 1.31 (1.11) times 
brighter or darker than intensities of the neighboring contours in white (black) lines. 

been corrected, and because there is a north-south asymmetry when the 
high-latitude X-ray intensity locally becomes a maximum. The existence 
of the high-latitude activity zones in the corona has been already known 
(Waldmeier 1957; Trellis 1957; Bretz & Billings 1959; Hansen et at. 1969; 
Leroy & Noens 1983; Altrock 1988, 1992). The high-latitude activity zones 
which were observed with Yohkoh SXT are the equatorward-migrating high
latitude activity zones (EHAZ) in Altrock's nomenclature (Altrock 1992). 
Intensity fluctuations of the EHAZ have been found for the first time in the 
present study. From the Yohkoh soft X~ray observations between 1991 and 
1994, Hara (1996) identifies the structures correseponding to the EHAZ 
with the polar-side legs of large-scale coronal loops, which are quite differ
ent from the active regions at low latitudes. This suggests that the coronal 
extended structures (0 "" 60°) with respect to the extended solar activity 
cycle (Wilson et al. 1988) have no association with low-latitude (0 < 30°) 
active regions appeared in the following cycle. 
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5. Origin of High-Latitude Magnetic Field 

It is well known that the time-latitude diagram of the net magnetic flux 
at the photospheric surface shows apparent poleward streams (Snodgrass 
1992). This observational fact has been thought to be evidence for the pole
ward meridional flow which transports magnetic flux from the iow latitudes 
toward the poles. If the magnetic field transported from active-region sites 
to the high-latitude regions is the origin of the high-latitude magnetic field 
which forms high-latitude coronal structures, it is reasonable to consider 
that a poleward drifting pattern would be also seen in the time-latitude 
diagram made from Yohkoh soft X-ray images. There is, however, no drift
ing pattern from low latitudes toward the pole in the corona. This suggests 
that the high-latitude magnetic fields do not originate from low-latitude 
decaying active regions due to the transport by the meridional flow. This 
may suggest that the high-latitude magnetic flux also come just below the 
photosphere at high latitudes. This idea with respect to the origin of high
latitude magnetic field is close to Stenflo's (1992). 

6. Large-Scale Structures in the Corona 

Figure 6 shows the soft X-ray synoptic chart for Carrington rotation number 
1894. The X-ray intensity of dark regions is emphasized so that a sinusoidal 
structure is clearly seen. Two bright regions are seen well in high latitudes; 
one is located at longitude 330-150° and latitude -60°, and the other at 
longitude 120-240° and latitude 60-70°. These zones are located at the 
outer edge of the large-scale structures, and separate polar coronal holes. 
These correspond to ERAZ. The sinusoidal structure in the synoptic chart 
(figure 6) reminds us of the coronal streamer zones observed in the white
light K-corona (Rundhausen 1977). Although the pattern of the sinusoidal 
structure has a similar shape to the calculated large-scale magnetic neutral 
line at the source surface (Solar-Geophysical Data), the pattern of X-ray 
synoptic chart is much more extended toward the polar regions than that 
of the magnetic-field data. 
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Figure 6. Soft X-ray synoptic chart for Carrington number 1894. The dark-intensity level 
is exaggerated to show a large-scale sinusoidal structure in the corona. The high-latitude 
activity zones are seen in both hemispheres as bright zones which elongate in the longi
tudinal direction. 

Hara, H. 1994, in New Look at the Sun with Emphasis on Advanced Observations of 
Coronal Dynamics and Flares, NRO report, 360, eds. S. Enome and T. Hirayama, 
p.57. 

Hara, H. 1996, Ph.D. thesis, The University of Tokyo. 
Harvey, K. L. 1993, Ph.D. thesis, University of Utrecht. 
Hundhausen, A. J. 1977, in Coronal Holes and High Speed Wind Streams, ed. J. B. Zirker, 

p.225. 
Leroy, J. L., and Noens, J. C. 1983, Astron. Astrophys., 120, L1. 
Ogawara, Y., Takano, T., Kato, T., Kosugi, T., Tsuneta, S., Watanabe, T., Kondo, 1., 

and Uchida, Y. 1991, Solar Phys., 136, 1. 
Pap, J. M., London, J., and Rottmann, G. J. 1991, Astron. Astrophys., 245, 648. 
Snodgrass, H. B. 1992, The Solar Cycle: in Proc. of Sacramento Peak 12th Summer 

Workshop, ed. K. L. Harvey, San Francisco, California, p.205. 
Stenflo, J. O. 1992, The Solar Cycle: in Proc. of Sacramento Peak 12th Summer Work

shop, ed. K. 1. Harvey, San Francisco, California, p.83. 
Trellis, M. 1957, Ann. d'Astrophys. Suppl., 5. 
Tsuneta, S., Acton, L., Bruner, M., Lemen, J., Brown, W., Caravalho, R., Catura, R., 

Freeland, S., Jurcevich, B., Morrison, M., Ogawara, Y., Hirayama, T., and Owens, J. 
1991, Solar Phys., 136, 37. 

Waldmeier, M. 1957, Die Sonnenkorona, Vol. 2, (Verlag Birkhauser, Basel). 
Wilson, P. R., Altrock, R. C., Harvey, K. L., Martin, S. F., and Snodgrass, H. B. 1988, 

Nature, 333, 748. 



THE DYNAMICS OF MAGNETIC FLUX TUBES 
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Abstract. We describe some of our recent work on the dynamics of flux 
tubes in the solar convection zone. We focus on two topics, the first be
ing the orientation ("tilt") of active regions, and how comparisons between 
observations of tilt and tilts computed from numerical simulations of flux 
tubes can be used to infer properties of magnetic fields deep in the so
lar interior. The second topic is an investigation of the kink instability of 
twisted flux tubes in the solar interior, and its possible relationship with 
flare-productive 8 spot regions. 

1. Introduction 

Much of our research has focused on studying how magnetic flux emerges 
from the base of the solar convection zone, where the solar cycle dynamo is 
believed to operate, to the surface of the sun, where the effects of magnetic 
activity are observed. Our approach has been to develop, refine and study 
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theoretical models for the motion of magnetic flux tubes. Such models are 
strongly motivated by detailed observations of magnetic flux emergence, 
which indicate that flux emerges in the form of discrete tubes surrounded 
by field-free gas. These models have been very successful in explaining many 
observed properties of active regions. Here, we review a few of our recent 
accomplishments. 

2. Description of the Thin Flux Tube Numerical Model 

A model for the dynamics of an isolated magnetic flux fiber, termed a thin 
flux tube, was proposed by Spruit (1981). The tube is "thin" in that all of its 
properties vary along its axis over scales much larger than the diameter of 
its cross section. This fact can be used to greatly simplify the equations of 
compressible magnetohydrodynamics (MHD). In the simplified equations, 
the tube itself is modeled as a three dimensional space-curve (its axis) mov
ing within the interior of a star. Mass density, temperature, pressure, and 
magnetic field strength all vary along the tube's length and evolve according 
to dynamical equations. The axis itself moves under the actions of phys
ical forces including: magnetic buoyancy, magnetic tension, aerodynamic 
drag (coupling the tube to the external plasma), and the Coriolis effect 
(the equations of motion are posed in a co-rotating reference frame). All of 
these forces are derived from the application of MHD equations to the case 
of a thin flux tube. There is also an effect of enhanced inertia due to the 
motion of the external medium around the moving tube. We have employed 
these principles to develop a sophisticated numerical model of flux tubes 
moving within the solar interior. The equations of motion used in our thin 
flux tube model are derived in Appendix A of Fan, Fisher and McClymont 
(1994, henceforth FFM), and the numerical techniques for their solution 
are described in the- Appendix of Fan, Fisher and DeLuca (1993, hence
forth FFD). Similar numerical models have been developed and are being 
used by several other research groups (see e.g. Choudhuri 1989; Caligari, 
Moreno-Insertis and Schussler 1995). 

3. Results of Model Calculations 

3.1. JOY'S LAW 

Perhaps the best known success of all ofthe numerical thin flux tube models 
has been their quantitative reproduction of "Joy's Law". Joy's Law is an 
empirical relation between the latitude of a bipolar magnetic region or a 
sunspot group and the observed angle (relative to E-W) made by its poles 
(Zirin 1988, Hale et al. 1919). This angle, termed its tilt angle, Q, is defined 
to be positive when the leading pole is closer to the solar equator than 



331 

the following pole. Binned active region data, from spot groups (Hale et 
al. 1919, Howard 1991b, Fisher, Fan and Howard 1995) and magnetogram 
measurements (Wang and Sheeley 1989), show a systematic increase of 
the tilt angles of active regions with the absolute value of latitude. For 
latitudes near 30° mean tilt angles are in the 8°-10° range. This effect may 
be extremely important; in several global models of the solar magnetic field 
(Wang and Sheeley 1991, Leighton 1964, 1969) the eleven year cycle is a 
direct consequence of this preferential orientation in newly emerged flux. 

Tilt angles arise in a simple and compelling manner in thin flux tube 
models. As the apex of the loop rises, the plasma inside it expands. The 
Coriolis force on a parcel of expanding fluid will rotate it in the sense 
opposite to rotation (i.e. in an inertial frame, its rotation rate decreases). 
Furthermore, the amplitude of this rotation varies with latitude, 8, in the 
same manner as the Coriolis effect itself: sin( 0). Thus the sense of the tilt 
angles and their dependence on latitude can be qualitatively explained in 
terms of a thin flux tube. 

Numerical thin flux tube calculations by D'Silva and Choudhuri (1993), 
Schussler et al. (1994), and ourselves (FFM) have all reproduced Joy's 
Law to a convincing level of accuracy. Consistency with observation can be 
achieved with plausible choices for physical parameters such as the mag
netic flux cI> in active region tubes, field strength Eo at the base of the 
convection zone, and initial latitude 80 of the toroidal tube. In fact the lat
ter two parameters are unobservable attributes of the solar dynamo. The 
application of thin flux tube models to match observations provides one of 
the few constraints available for these quantities. 

3.2. ASYMMETRIC MOTIONS 

The asymmetry in the shape of the emerging flux loop, clearly visible in 
Fig. 1, is also a consequence of the Coriolis effect, as described by Moreno
Insertis (1994). This shape could explain an observed asymmetry in the 
proper motion of spots during flux emergence (Moreno-Insertis 1994, Cali
gari et al. 1995): The shallower slope of the leading leg makes the leading 
spot appear to move faster than the following spot, in general agreement 
with observation. The Coriolis effect also generally results in a greater field 
strength in the leading leg of the flux loop, which we argue (FFD) is the 
origin for the more compact morphology of the leading side of active regions 
when compared to the following side. 

3.3. A SCALING LAW FOR ACTIVE REGION TILTS 

A more detailed analysis of the tilt angle variation was given in FFM. By 
considering the scaling of forces with cI>, Eo, and 0, we found that the tilt 
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Figure 1. The shape of an evolving flux ring with flux ~ = 1022 Mx and the initial field 
strength Bo = 3 X 104 G. The flux ring is viewed from the north pole and from 5 degrees 
above the equator in panels (a) and (b). 5 instants of the flux ring's evolution are shown 
as the solid curves; the inner and outer dotted circles mark the base of the convection 
zone and the photosphere. 

angles should follow 

(1) 

This simple relation agrees reasonably well with the results of our full nu
merical simulations provided Eo ;C; 2 x 104G (Figure 11, FFM). Thus the 
theoretical calculations not only reproduce the observed Joy's Law behav
ior, but also make testable predictions of how active-region tilts should vary 
with Eo and <P. 

3.4. TESTS OF THE PREDICTED TILT-ANGLE SCALING LAW WITH 
SPOT-GROUP DATA 

The tilt angle scaling law, Eq. (1), contains a dependence on latitude (Joy's 
Law) as well as a previously untested dependence on net flux, <P. Motivated 
by this theoretical prediction, we sought to ascertain whether such a depen· 
dence exists in observed tilt angles. To do this we studied tilt angles in a 
dataset of 24,701 sunspot groups observed in white light between 1917 and 
1985 at the Mt. Wilson Observatory (Howard, Gilman and Gilman 1984). 
Tilt angles were determined from the spot groups with an algorithm de
scribed in §2 of Fisher, Fan and Howard (1995, henceforth FFH). The size 
of this dataset permits statistically meaningful tests to be made on many 
subsets of the data. White light observations contain no direct magnetic 
information, but previously established proxy relationships allow this to be 
inferred. Speclfically, Howard (1992) has established a proportionality be
tween the net (unsigned) flux in an active region (from magnetograms) and 
the distance separating the centroids of its leading and following polarities. 
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This enabled us to use the polarity separation d of a spot group as a proxy 
for the magnetic flux «I>. 

We found in FFH that the mean tilt behavior was consistent with the e 
and «I> variation predicted in equation (1). (For reasons discussed in FFH, 
the quantity Eo is not directly measurable, but its range of values appears to 
be quite restricted - see FFH for a more complete discussion of this issue). 
A more intriguing result of FFH was the large amplitude of the fluctuations 
~a of individual tilts away from the mean behavior. These fluctuations are 
very significant, are much larger than estimated measurement errors, are 
not a function of latitude (unlike the "Joy's Law" behavior of the mean 
tilts), but are strongly decreasing functions of d. In FFH we argue that the 
fluctuations are solar in origin, and most likely from perturbations of the 
rising tubes by convective motions. 

3.5. CONVECTION ZONE TURBULENCE IN MODELS OF RISING FLUX 
TUBES 

In Longcope and Fisher (1995, henceforth LF) we show that turbulent mo
tions in the convection zone do lead to tilt angle fluctuations ~a of the 
magnitude observed in FFH. We further find that a simple model explains 
the observed relation between tilt angle fluctuation and footpoint separa
tion. To do this, we have developed a new technique for adding statistical 
perturbations to the thin flux tube model. 

The first part of this technique defines an algorithm for generating re
alizations of the turbulent velocity field in the convection zone. A given 
turbulent realization is a function of space and time; the behavior of an 
ensemble of realizations gives statistical moments consistent with those 
assumed under mixing length theory. Although mixing-length convection 
models are highly idealized, they probably mimic the qualitative depth de
pendence of the velocity field that a rising flux tube encounters. For each 
individual realization of the velocity field, one can then compute the resul
tant perturbations to the motion of a rising flux tube. 

To calculate the effect of the turbulent velocity field, we consider the 
limit of small deflections to a flux tube which has risen through a stationary 
atmosphere (i.e. we introduce the forces driven by convection zone turbu
lence as a first order perturbation to the general flux tube equation of mo
tion). To further simplify our calculation, we use, for the unperturbed rise, 
a straight horizontal tube. After Fourier-transforming the perturbed equa
tion of motion, we derive forced-damped harmonic oscillator equations for 
the evolution of each Fourier mode in the tube. This results in a spectrum 
of deflections which is linearly related to the spectrum of the turbulence. 
Using 250 numerically generated realizations of the turbulent velocity field, 
it is possible to calculate the fluctuations, ~a, in the tilt angle of the emer-
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gent tube. Results of these Monte-Carlo calculations compare favorably to 
the observed values found in FFH (see Fig. 2). 

40 

o 20 40 60 80 100 120 140 
d (lAm) 

Figure 2. The RMS tilt angle, ..:lll' as a function of d (Mm). The solid lines pass through 
the results of Monte-Carlo calculations with initial magnetic field strengths Bo, of 20 kG 
(+), 30 kG (*), 40 kG (x). Observed values of ..:lll' from FFH are shown for high (0), 
mid (.6.) and low (0) latitudes. 

4. The Helical Kink Instability of Twisted Flux Tubes in the 
Interior 

There is a small but important class of active regions which appear to be 
twisted and possibly kinked or knotted when they emerge. The structure 
and dynamics of the magnetic field in these active regions is especially 
important because they are strongly linked to the occurrence of large solar 
flares. The link between solar flares and emerging flux loops which are 
kinked can be inferred from the fact that the "island 0" spot configuration 
is typically the site of the largest solar flares (see e.g. Leka et al 1995; 
Kurokawa 1991; Tanaka 1991; Zirin 1988, p. 337). Here, two spot umbrae of 
opposite magnetic polarity emerge within one spot penumbra; furthermore, 
the orientation of the two polarities is frequently reversed from the usual 
Hale configuration. One interpretation of the 0 spot configuration is that 
a rising loop of a twisted magnetic flux tube has kinked into a braided 
structure, similar to that which results when twist is applied to the loop of 
a rubber band. Such an interpretation would account qualitatively for the 
reversed polarity configuration, the close proximity of the opposite polarity 
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spots, and the occurrence of flares as the oppositely directed magnetic fields 
in the intertwined loop legs undergo reconnection. 

Motivated by a desire to understand the dynamics of twisted active 
region flux tubes below the solar photosphere, we have investigated the kink 
stability of these tubes (Linton et al1995). Following previous studies ofthe 
kink mode, we apply linearized equations of MHD to a cylindrical magnetic 
equilibrium (screw pinch), but with significant differences from the earlier 
work. In our case, the magnetic field vanishes outside some radius, r = R, 
where it is confined by the higher pressure of the unmagnetized plasma. This 
outside boundary of the tube is free to move, displacing the unmagnetized 
plasma as it does so. We consider equilibria in which all field lines have the 
same helical pitch: Bo/rBz = q = const. Our main results are as follows: 

(1) These equilibria are stable to kinking, provided that the field line 
pitch does not exceed a threshold; q ::; qcr for stability. The threshold 
is qcr = fo" where Il is the r2 coefficient in the Taylor series expansion 
of the equilibrium axial magnetic field (Bz) about the tube axis (r = 0): 
Bz( r) = Bo(1- Ilr2 + ... ). When this criterion is violated, there are unstable 
eigenmodes, ~ ex e%(6+kz). The most unstable ofthese have a helical pitch k 
which is near (but not equal to) the field line pitch. 

(2) For weakly twisted tubes (qR ~ 1) we are able to derive growth 
rates and unstable eigenfunctions analytically. For strongly twisted tubes 
(qR ~ 1) we find growth rates and unstable eigenfunctions numerically. 

(3) The maximum growth rate and range of unstable wavenumbers for a 
strongly twisted tube can be predicted qualitatively by using the analytical 
results from the weakly twisted case. The maximum growth rate in that 
case is given by W max = vAR(q2 - q~r)/3.83, where VA is the axial Alfven 
speed. The range of unstable wavenumbers is given by (-q - /}.k/2) < k < 
(-q + !'.l.k/2), where !'.l.k = 4qR.jq2 - q;r/3.83. 

(4) The kink instability we find corresponds primarily to internal mo
tion. Helical translations of the entire tube are found to be stable. 

(5) We argue that an emerging, twisted magnetic flux loop will tend to 
have a uniform q along its length. The increase in the tube radius R as it 
rises results in a decreasing value of qcr' This means that the apex of the 
flux loop will become kink unstable before the rest of the tube. 

(6) Our results lead us to believe that most twisted flux tubes rising 
through the convection zone will be stable to kinking. Those few tubes 
which are kink unstable, and which presumably become knotted or kinked 
active regions upon emergence, only become kink unstable some time after 
they have begun rising through the convection zone. 

This work was supported by NASA, NSF, ONR, the California Space 
Institute, and the Miller Foundation for Basic Research in Science. 
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HOT SPOTS FOR SOLAR ACTIVITY 

T. BAr 
HEP L, Stanford University 
Stanford, CA, 94305, USA 

Abstract. Studies on hot spots and active longitudes are briefly reviewed 
in this paper. Although the concept of active longitudes are old, interest
ing discoveries were made by recent studies, which applied new analysis 
methods to data covering several solar cycles. The main characteristics of 
hot spots are as follows: (1) Hot spots, initially recognized as areas where 
major flares erupt preferentially, are also preferred areas for emergence of 
big sunspot groups. (2) Double hot spots appear in pairs that rotate at the 
same rates, separated by about 1800 in longitude. Single hot spots have 
no such companions. (3) The northern and southern hemispheres behave 
differently in organizing solar activity in longitude. Because of this north
south asymmetry, the areas for preferred flare eruptions are called hot spots 
(Bai 1987). (4) Lifetimes of hot spots range from one to several solar cycles. 
(5) A hot spot is not always active throughout its lifetime but goes through 
dormant periods. (6) Hot spots with different rotation periods can co-exist 
in the same hemisphere during the same solar cycle. 

1. Introduction 

The concept of "active longitudes" has been around for decades. This term 
refers to longitude intervals where flare activity is for durations of years 
much higher than elsewhere. Implicit in this term is that the same longi
tude intervals are active in the both northern and southern hemispheres. 
Most early studies on this subject were not quantitative (e.g., Warwick 
1965; Svestka and Simon 1969; Dodson and Hedeman 1975a), although 
they stimulated interest in the subject. Exceptionally, Wilcox and Schat
ten (1967), Haurwitz (1968), and Fung et al. (1971) performed quantitative 
studies early on, by analyzing longitude distributions of flares taking the 
rotation period as a free parameter. These papers analyzed flares observed 
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mostly during cycle 19, without separating southern-hemisphere flares from 
northern-hemisphere flares. 

Recent interest on active longitudes was aroused by the discovery of 
the 154-day periodicity (Rieger et al. 1984). In order to test the idea that 
two active longitudes or hot spots with slightly different rotation periods 
interact once every 154 days to enhance flare activity periodically (Bai 
and Sturrock 1987), it was necessary to investigate first their existence. 
Bai (1987) performed a quantitative analysis of longitude distributions of 
major flares observed from 1980 through 1985 by the Hard X-ray Burst 
Spectrometer (HXRBS) aboard the SMM (Solar Maximum Mission). By 
separating northern and southern hemisphere flares in his analysis, he found 
that flares are organized differently in longitudes in the two hemispheres. He 
found a prominent hot spot with a synodic rotation period of 26.75 days 
in the northern hemisphere. (In this paper, rotation periods are synodic 
unless specified otherwise.) Bai (1988) extended his analysis back to cycle 
19 by including major flares selected from compilations made by Dodson 
and Hedeman (1971, 1975b, 1981). He found that the prominent hot spot 
discovered in his previous paper was one of the double hot spots that had 
persisted for two solar cycles (cycles 20 and 21) in the same longitude 
intervals. The refined rotation period of these hot spots was 26.72 days. 
For the first time, it was established by quantitative analysis that lifetimes 
of hot spots could be longer than one solar cycle. 

The north-south asymmetry in longitude organization, first noted by 
Bai (1987), was confirmed by his later papers (Bai 1988, 1990). It was 
also seen by an analysis of coronal magnetic field rotation (Hoeksema and 
Scherrer 1987) and by analysis of surface magnetic fields (Antonucci et al. 
1990). Because of the north-south asymmetry, Bai (1987) coined the term 
"hot spot" to eliminate the north-south symmetry implied by the term 
"active longitude." 

It is a challenge to understand how hot spots can maintain their identity 
for many years in the presence of differential rotation of the Sun. Two 
points at 10° and 20° latitude initially at the same longitude would drift 
apart more than 90° in longitude in only a year if they rotated at average 
rotation rates corresponding to their latitudes. Therefore, hot spots must be 
due to coherent patterns (or structures) that withstand differential rotation. 
Insights on hot spots may help us understand the underlying causes of solar 
activity, solar internal structure, and solar convection and improve space
weather forecasts. In this paper, we summarize recent studies by Bai (1987, 
1988, 1990), Bai et al. (1996), and Akioka et al. (1992). 

The most comprehensive study is by Bai et al. (1996), who analyzed ma
jor flares observed from 1955 to 1995 (cycles 19 through 22), big sunspot 
groups observed during the same period, and large-scale surface magnetic 
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field strengths observed by the Wilcox Solar Observatory (WSO) at Stan
ford University. For cycles 19 and 20, they use major flares selected on the 
basis of comprehensive flare index (CFI; cf. Dodson and Hedeman (1979 for 
its definition) from the compilations made by Dodson and Hedeman (1971, 
1975b, 1981). For cycles 21 and 22, they select flares with GOES soft X-ray 
class ~M3.0. 

2. Spatial Organization of Superactive Regions 

By studying flare distributions for cycles 19 through 22, Bai et al. (1996) 
found more hot spots in addition to the ones found earlier. Some of them 
were active only during one solar cycle, but several hot spots were active in 
the same locations for longer than one solar cycles. Double hot spots with a 
synodic rotation period of 26.73 days were active in the northern hemisphere 
during cycles 20 through 22. Double hot spots with a synodic rotation 
period of 27.41 days were active in the northern hemisphere through all 
four solar cycles. A single hot spot with a synodic rotation period 28.00 
days were active in the southern hemisphere through all four solar cycles, 
although its statistical significance is not very high. 

A superactive region is defined as an active region that produced 4 or 
more major flares. Major flares are defined as flares with CFI>5 for cycle 
19, as flares with CFI>6 for cycle 20, and as flares with GOES soft X-ray 
class ~M3.0 for cycles 21 and 22. Bai (1988, 1990) and Bai et al. (1996) 
adopted a lower threshold for cycle 19 than cycle 20 because data coverage 
for cycle 19 was less complete. The reason for adopting different criteria is 
that there is no uniform observations of solar flares through the last four 
solar cycles. Major flares selected on the basis of CFls are available for the 
rising part of cycle 21 (from 1976 through 1979), and major flare selected 
on the basis of SMM HXRBS peak fluxes are available for the period from 
1980 through 1989. GOES soft X-ray detector observed solar flares for the 
entire solar cycle 21. Hence, for some periods lists of major flares selected by 
more than one criterion are available. The longitude distributions of major 
flares for these periods are found to be similar regardless of the selection 
criteria (Bai 1990). 

Bai (1988) found that superactive regions preferentially emerge in hot 
spots. Therefore, central meridian passage times of superactive regions must 
have preferred values instead of being random. Figure 1 is the Rayleigh 
power spectrum of the central meridian passage times of northern-hemisphere 
superactive regions for cycles 20 through 22. We find a prominent peak 
at 13.37 days. The probability of this peak is due to random chance is 
165exp(-14.76)' = 6.4 x 10-5 (where 165 is the number of independent 
frequencies in the period interval from 12.5 to 15 days and 14.76 is the 
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Figure 1. Rayleigh power of the central meridian passage times of superactive regions. 

peak height). This peak is the evidence for double hot spots with a synodic 
rotation period of 26.74 days. 

For Figure 1, all superactive regions are treated equally regardless of 
the number of major flares. Bai et al. (1996) discuss how to calculate the 
Rayleigh power spectrum by weighting each ac;:tive region by the number 
of major flares produced by it. 

Figure 2 shows the distribution of superactive regions in a coordinate 
system rotating with a synodic period of 26.727 days. (Here we use this 
period instead of 26.74 days, because the former period was obtained by 
Bai 1990 from flare analysis.) Eighty percent of superactive regions are 
clustered in double hot spots outlined by two rectangles. About 1/3 of 
them are concentrated in the longitude interval between 1200 and 1600 • 

The positions of the double hot spots remained the same through the three 
solar cycles. 

A study of "family trees" of superactive regions (Bai 1988) shows that· 
each superactive region belongs to an activity complex. Table 1 of Bai et 
at. (1996) shows that most of the superactive regions in the northern hemi
sphere erupted in the two hot spots. These hot spots are not continuously 
active, but the time intervals between the eruptions of two successive su-
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Figure 2. Distribution of northern-hemisphere superactive regions of cycles 20 through 
22 in a coordinate system rotating with a synodic period of 26.727 days. The central 
meridian at 00:00 UT on January 1, 1965 is taken as the zero longitude. 

peractive regions in the same hot spots can be long. Around solar minima, 
a hot spot may goes through several years without producing a single su
peractive region (or even one major flare) for several years. Nevertheless 
the same locations become preferred sites for eruption of superactive re
gions when the level of solar activity increases. Therefore, we can interpret 
hot spots as resulting from interplay of two processes: a continuous mecha
nism and a transient, episodic process. For example, we can conjecture that 
channels through which magnetic field lines are efficiently transported from 
the bottom of the convection zone to the surface may present at the same 
locations throughout solar cycles 20, 21, and 22, but generation of magnetic 
fields may be episodic. Alternatively, we can conjecture that generation of 
magnetic fields are episodic but two long-lived vortices on the surface make 
the active regions eruption there more flare productive. 

3. Summary 

We discuss the important characteristics of hot spots, point by point. 
(1) Hot spots, initially recognized as areas where major flares erupt pref

erentially, are also preferred areas for emergence of big sunspot groups. 
Because hot spots are initially discovered through analysis of major 

flares and the correlation between the flare index and the maximum sunspot 
area is poor, we can think of the following two possibilities. (a) A hot spot 
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is a site where flares preferentially occur but not a site where big sunspot 
groups preferentially emerge. In this case, sunspot group emergence is more 
or less random, but there are localized agents which enhance flare activity 
in hot spots. (b) A hot spot is a location where big sunspot groups emerge 
preferentially, and the high flare activity is consequential. Our analysis 
shows that hot spots are also sites for preferential emergence of big sunspot 
groups. (See also Akioka et al. 1992.) Therefore, the second possibility is 
valid, except for a few hot spots for which an additional mechanism for 
enhancing flare activity might be necessary. 

TABLE 1. Hot-Spot Systems in the Northern Hemispherea 

Number of Period Solar Norm. Chance Amp. of Powerd Amp." 
Hot Spots (days) Cycle Powerb Probability Mod.c (Spots) (Spots) 

1 28.88 19 9.9 1.4 x 10-3 0.71 5.2 0.37 

1 27.00 21 7.6 1.8 x 10-2 0.79 7.9 0.68 
2 26.73 20 & 21 13.0 3.0 x 10-4 0.69 11.2 0.55 
2 27.40 19-21 13.7 2.1 x 10-4 0.55 12.2 0.40 

Notes: 
a. This table from Bai et al. (1996). 
b. See Bai et al. (1996) for an explanation on how to get normalized powers. 
c. The amplitude of modulation, A, is obtained by fitting the distribution of major flares 
to a sinusoidal function f(l) = A{l + Acos(nl + lo)}, where I is the longitude, n = 1 for 
single hot spot systems and n = 2 for double hot spot systems, and lo is a phase angle. 
See Bai (1992) for the relationship between A and the Rayleigh power. 
d. Normalized power for sunspot area distributions. 
e. Amplitude of modulation for sunspot area distributions. 

(2) Double hot spots appear in pairs that rotate at the same rates, sepa
rated by about 1S(J> in longitude. Single hot spots have no such companion. 

Tables 1 and 2 summarize properties of hot spots found from analysis of 
major flares and large suspot groups. The last two columns are the results 
of big sunspot group anaysis. 

(3) The northern and southern hemispheres behave differently in orga
nizing solar activity in longitude. 

This is evident from the fact that the power spectra for northern hemi
sphere flares and southern hemisphere flares have different peaks. Because 
of this north-south asymmetry, the areas of enhanced flare activity is called 
hot spots (Bai 1987). 

(4) The lifetimes of hot spots range from one to several solar cycles. 
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TABLE 2. Hot-Spot Systems in the Southern Hemispherea 

Number of Period Solar Norm. Chance Amp. of Powerd Amp." 
Hot Spots (days) Cycle Powerb Probability Mod.c (Spots) (Spots) 

1 24.98 20 9.0 1.1 X 10-2 1.13 4.7 0.55 

1 25.50 22 5.4 9.0 x 10-2 0.64 5.5 0.63 

1 28.00 19-22 8.6 2.1 x 10-2 0.43 6.3 0.30 
2 25.08 21 6.0 5.0 x 10-2 0.71 2.2 0.35 

Notes: See notes for Table 1. 

For example, a double hot-spot system with a rotation period of 26.73 
days persisted in the same locations in the northern hemisphere from during 
cycles 20 through 22. Several other examples are found in Tables 1 and 2. 

(5) A hot spot is not always active throughout its lifetime but goes 
through dormant periods. 

Additionally, in double hot-spot systems, the activity levels of two hot 
spots seem to be anti-correlated. When one hot spot is active, its companion 
is inactive, and vice versa. This suggests that two companions in a double 
hot-spot systems are globally linked. This needs further investigation. 

(6) Hot spots with different rotation periods co-exist in the same hemi
sphere during the same solar cycle. 

For example, double hot spots with a rotation period of 26.73 days and 
a single hot spot with a rotation period of 27.00 days co-existed in the 
northern hemisphere during cycle 21. There is evidence that a single hot 
spot with a rotation period of 28.00 days persisting through four solar cycles 
(19 through 22) in the southern hemisphere. During cycle 20, a prominent 
hot spot with a rotation period of 24.98 days operated in the southern 
hemisphere. 

We also notice that the rotation periods of hot spots range from 25 days 
to more than 29 days. This range exceeds the range of rotation periods 
of the activity belts at the surface and in the convection zone. It seems 
reasonable to interpret that' they are rotation periods of wave patterns in 
the convection zone. 

In this regard, it is interesting to note that "at the edge of chaos" self
organizing patterns emerge (Langton 1990). If the solar convection is at the 
edge of chaos, it may produce and maintain regular patterns in the convec
tive flow. If hot spots are due to large-scale up-drafting plumes, the surface 
temperatures in hot spots will be higher than elsewhere. Because one can 
determine the rotation periods of persistent hot spots, folding future tem
perature measurements of the surface in a coordinate system rotating with 
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the period of a hot-spot system could reveal minute temperature differences. 
It is also interesting to see whether the conjectured convective plumes can 
be detected by helioseismology. 

This research was funded by NSF grants ATM 9312424 and ATM 9400298, 
NASA grant NAGW 2502, and an Office of Naval Research contract N00014-
89. 
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SOLAR DYNAMO DRIVEN BY GLOBAL CONVECTION 

AND DIFFERENTIAL ROTATION AND 

THE MAGNETO-THERMAL PULSATION OF THE SUN 
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Tokyo 113, Japan 

1. Introduction 

Since 1972 when we proposed a mechanism of the solar dynamo driven by 
mass flows of global convection and differential rotation in the solar convec
tion zone, each process that constitutes the complex machinery of the solar 
dynamo has been clarified step by step (Yoshimura 1972, 1975a,b, 1978a,b, 
1979, 1981, 1983a, 1985, 1993b). We now know that the basic process of 
the dynamo can be visualized by topological deformation of stretching, 
winding, and folding of magnetic field lines in the solar convection zone by 
combined flows of the differential rotation and the global convection under 
influence of the rotation. In this paper, we briefly review the basic part 
of the dynamo process in terms of the topological deformation of the field 
lines and proceed to the second major step of advancement of understand
ing of the dynamo machinery achieved from analysis of observed evidences 
of nonlinear interaction of mass and heat flows and magnetic field in form 
of magnetic flux tubes of multiple spacial and temporal scales, which is a 
new category of solar phenomena called the magneto-thermal pulsation of 
the Sun. 

2. The Solar Dynamo Machinery 

The basic part of the solar dynamo machinery can best be understood by 
the fundamental concept of magnetohydrodynamics (MHD) of frozen-in 
magnetic field lines in a fluid system in the limiting case of infinite electric 
conductivity. The field lines in this case move along with fluid particles of 
mass motions. If the streamlines of the flows are smooth and simple, the 
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magnetic field lines become also smooth and simple. If the streamlines are 
complex, the field lines become complex and entangled. 

The basic classical question of cosmic dynamo problem in general has 
been whether or not there are any fluid motions in a continuous media that 
amplify a magnetic field from an infinitesimal level to a finite level and 
maintain it. 

The problem of the solar dynamo asks further whether or not these 
fluid motions can reverse the magnetic field lines in every 11 years. Hence 
the problem of the cosmic dynamo and the solar dynamo is whether or not 
a kind of fluid motions can move around the magnetic field lines in the 
fluid and amplify the magnetic field energy from an infinitesimal level to a 
finite level and reverse the direction of the field lines. This is a question of 
topology of the field lines in three-dimensional space. The amplification of 
magnetic field energy is possible by stretching of the field lines. The ques
tion is then what kinds of flows can continue the stretching of the field lines 
and can reverse their direction. Since electric conductivity in a real cosmi
cal system is finite, diffusion process enters into the scene. This process 
destroys the amplified magnetic field against the dynamo process. Particu
larly when small scale turbulence is present in the system, spacial scale of 
diffusion process can become so small that even a very small magnetic diffu
sivity or equivalently a very large electric conductivity makes the diffusion 
process of magnetic field very effective. The diffusion process that involves 
reconnection of field lines is a necessary process of the solar dynamo ma
chinery to organize field lines that are entangled by the deformation process 
due to the dynamo driving flows. 

The basic classical question of cosmic dynamo problem and of the solar 
dynamo machinery can be understood by a linear concept of the MHD. 
Given a kinematical structure of a kind of mass flows, the MHD process is 
linear in the sense that the magnetic field as a solution of the MHD process 
either exponentially grows or decays depending on whether the dynamo 
action of the flows is stronger or weaker than the diffusion action of small 
scale turbulence. 

The actual process of the solar dynamo machinery can be understood 
by combination of theoretical considerations of fluid dynamics of rotating 
system and observations of the flows. Observed flows of the differential 
rotation have long been known to be vital to the operation of the solar 
dynamo by its stretching action on the magnetic field lines in longitudinal 
direction. At the same time, however, it also has long been known that 
the axisymmetric flows of the differential rotation alone are not sufficient 
to maintain the solar dynamo. The component of the magnetic field in 
the meridional plane perpendicular to the direction of rotation cannot be 
created by the flows of the differential rotation and thus eventually dies 
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away. The stretching process of the field lines from that component into 
the component in the direction of rotation will also cease. 

As a possible candidate of the much needed flows which are, together 
with the flows of the differential rotation, are sufficient to drive and main
tain the solar dynamo, we have proposed flows ofthe global scale convection 
which we named the global convection (Yoshimura 1972). Theoretical con
siderations of the nature of the flows of the global convection in a rotating 
spherical shell show that two characteristics of the flows, both of which 
are caused by Coriolis force due to the existence of rotation, are vital to 
the operation of the solar dynamo. One characteristics is that flow pattern 
of the convection propagates around the rotational axis of the Sun by the 
Coriolis force. Rossby waves in a rotating spherical shell also propagate 
around the rotational axis due to the Coriolis force but whose flows are 
driven by horizontal temperature difference while the convective flows are 
driven by radial forcing of gravity (Yoshimura 1974). The other character
istics is that streamlines of the convective flows are twisted by the Coriolis 
force under the influence of the same rotation and that, as a result of the 
twisting process, the flow pattern has a helical structure. Because of the 
propagation of the flow pattern, the streamlines look like wave flows of wa
ter of a river without being rolled up around the convective cell when the 
flows are seen from a framework which moves with the same speed as the 
flow pattern of the convective cell. In the case of supergranulation of the 
Sun whose flow pattern does not propagate, the field lines are wound up 
around the convective cells and are concentrated at the boundaries of the 
cells. Because of this nature of the global convection, the pattern of the 
global scale convection does not look like a cell. This is the reason why we 
call the convection the global convection. We distinguish it from another 
concept of global scale giant cell convection. 

The existence of'this global convection was examined by analysing var
ious characteristics of global scale magnetic field as well as active region 
scale magnetic field (Yoshimura 1971, 1973). Various efforts were done to 
directly detect the velocity field of this global convection. We think that 
we found a significant signatures of existence of the velocity field in the 
Stanford dopplergram data. But the duration of the continuous data that 
showed these signatures at the time of analysis was two separate intervals 
of one month length for each interval (Yoshimura 1987). 

There are several kinds of approaches to the proof of the solar dynamo 
machinery model. We must prove that the combined flows of the differential 
rotation and the global convection can actually work as the solar dynamo. 
One is to formulate a dynamo equation from the original MHD equation by 
averaging the MHD equation over whole longitudes which governs magnetic 
field evolution in the rotating solar convective shell (Yoshimura 1972). The 
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velocity field of the differential rotation is arbitrarily given. Since the nature 
of magnetic field solutions of the formulated dynamo equation is sensitive 
to the structure of the differential rotation, the structure of the differential 
rotation inside the convection zone can inversely be inferred by comparing 
behavior of the magnetic field solutions of the formulated dynamo equation 
with behavior of the observed magnetic field (Yoshimura 1975a,b, 1976a,b, 
1977a,b). This becomes possible due to the fact that the magnetic field so
lutions of the dynamo equation propagate along iso-rotation surface inside 
the convection zone as dynamo waves (Yoshimura 1975b). 

The velocity field of the global convection, however, is not arbitrar
ily given. It is created by modifying a solution of linearized Navier-Stokes 
equation which governs fluid motions inside a rotating spherical shell with 
Boussinesq approximation. The modification is done so that the structure 
of the velocity field has a freedom to be topologically deformed so that the 
structure can simulate the real velocity field of the global convection in the 
strongly stratified solar convection zone. The structure of the velocity field 
is explicitly given so that effects of rotation and geometry of the sphere are 
accurately treated. As a result of this treatment, the propagation of the 
convective flow pattern and its helical characteristics are found to be vital 
to the operation of the solar dynamo machinery. 

Solutions of the formulated dynamo equation show that the magnetic 
field can be amplified exponentially from an infinitesimal level to a finite 
level and thus the dynamo by the combined flows of the differential rotation 
and the global convection works. The solutions also show that the combined 
flows cail reverse the direction ofthe magnetic field lines in every 11 years. 
The time scale of 11 years is a function of speed of deformation of field lines 
and thus is a function of the velocity field. The solutions are not sensitive 
to any particular mode of the global convection as long as the convection 
has the two important characteristics of the propagation of the flow pattern 
and of the helical structure. 

Almost all the basic characteristics of the solar cycle can be simulated 
by the solutions. This is due to the fact that the solutions of the dynamo 
equation propagates along iso-rotation surface inside the convection zone as 
dynamo waves and that the surface distribution of the various characteris
tics of the observed solar cycle reflects the surface section of the propagating 
dynamo waves (Yoshimura 1975a,b, 1976a,b). Hence the direction of prop
agation of the dynamo waves is important. While detailed structure of the 
global convection does not influence much the nature of the solutions, the 
depth of the global convection flows where the horizontal component of the 
convective flows changes their direction is a critical factor for the solutions 
and can affect the nature of the solutions. The direction of helical twists 
of the flows and of the magnetic field is different for the upper part above 
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and the lower part below the depth. The direction of propagation of the 
dynamo waves, as a result of the difference of direction of helical twists, 
becomes different for the two parts. This aspect influences much the nature 
of solutions ofthe whole system (Yoshimura 1972, 1975a,b, 1993b). In other 
words, the nature of solutions depends strongly on whether the upper part 
or the lower part plays a dominant role in the whole dynamo machinery. 

A keen criticism was raised to the this formalism, particularly to the 
approximation which was used in the process of formulation of the dynamo 
equation. The formulation is essentially a simplification of description of 
the MHD process that follows time evolution of magnetic field by using a 
linearized non-axisymmetric magnetic field solution of the MHD equation in 
formulating the longitude-averaged dynamo equation. The linearized non
axisymmetric magnetic field solution represents infinitesimal deformation of 
field lines and is a linear function of infinitesimal non-axisymmetric velocity 
field component ofthe flows. Hence the resulting dynamo equation becomes 
bilinear with regards to the non-axisymmetric velocity field component of 
the flows. This approximation is called quasi-linear approximation. 

To answer the criticism, the original MHD equation in three-dimensional 
space without using the quasi-linear approximation was solved numerically 
with the same formalism and philosophy as in the case of the dynamo 
equation with a given velocity structure of the differential rotation and 
of the gloBal convection (Yoshimura 1983a). Since we fully followed time 
development of the deformation process of the field lines and did not treat 
the field development as an infinitesimal deformation, we needed not use 
the quasi-linear approximation. When the reaction of the magnetic field 
on the flows in form of the Lorentz force was ignored, the MHD equation 
became linear with respect to the magnetic field. The solutions of the MHD 
equation in three-dimensional space had the same characteristics as those of 
the solutions of the dynamo equation and hence answered definitively and 
positively to the question of the cosmic dynamo in general and of the solar 
dynamo machinery. The combined flows of the differential rotation and the 
global convection could work as a dynamo and generate and maintain the 
magnetic field and reverse the direction of the field lines in every 11 years. 

Since the MHD equation in three-dimensional space was solved by a 
numerical method, it was not straightforward to perceive time evolution of 
the spacial structure of the magnetic field and its relation with the structure 
of the velocity field. In an effort to visualize the dynamo process, a graphic 
representation was done so that time evolution of the spacial structure of 
the magnetic field and its association with the structure of the velocity field 
could clearly be understood (Yoshimura 1993b). As a result of this effort, 
it became straightforward to visually understand the basic features of the 
dynamo process driven by the combined flows of the differential rotation 
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and of the global convection without following details of calculation of the 
MHD equation. It became clear that the basic process of the solar dynamo 
machinery is stretching and winding and folding of magnetic field lines by 
the combined flows of the differential rotation and of the global convection 
with helical twists and propagation characteristics. Stretching of the field 
lines creates magnetic field energy. Folding of the field lines reverses the 
magnetic field lines beneath the existing field lines. The repetition of the 
reversal process forces the magnetic field system to propagate as dynamo 
waves along iso-rotation surface. The whole process also creates giant flux 
tubes encircling the Sun, each flux tube of which causes solar activity of 
one solar cycle. We call these flux tubes the main flux tubes of the Sun. 

3. The Nonlinear Solar Cycle Dynamo 

The second part of the solar dynamo results from nonlinear interaction of 
mass and associated heat flows and magnetic flux tubes created by the 
basic part of the dynamo process. In this part, we have two basic prob
lems of cosmic magnetism. The first problem is why and how magnetic 
field in cosmos is almost always in form of magnetic flux tubes, why and 
how the tubes are formed and interact nonlinearly with ambient plasma. 
The second problem is how the nonlinear reaction of the dynamo-generated 
magnetic field takes place to modify the dynamo-driving flows and weaken 
the dynamo so that the field-generating dynamo and the field-destroying 
diffusion due to small scale turbulence can be in balance. The second prob
lem is equivalent to the question of the mechanism that determines the level 
of solar activity and the amplitude of solar cycle and hence is related to the 
problem of understanding of long-term behavior of the solar cycle. Since, 
as we have discussed above, the basic part of the solar dynamo machinery 
creates huge magnetic flux tubes encircling the Sun, the second problem 
can be considered as a part of the first problem. 

An orthodox theoretical way to solve these problems is to formulate 
the MHD equation together with Navier-Stokes equation, which includes a 
term of Lorentz force which describes process of reaction of magnetic field 
on mass flows, and an equation of ionization and an equation of state. We 
then solve the system of equations to show that the system has solutions 
that are capable to reproduce the nonlinear phenomena described above. 
This approach to the nonlinear dynamo is often called dynamical dynamo 
problem. Such a theoretical effort is not fully successful yet. 

The other way to approach to the solutions of the basic problems is to 
obtain information from various observed data to build up concepts to un
derstand the nonlinear dynamo mechanism. Recently in a series of analysis 
of various data, we have found evidences that confirm concepts that were 
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developed by a theoretical study of the nonlinear dynamo. The theoretical 
study we have performed which we found useful to understand the nonlinear 
solar dynamo machinery and possibly to understand any cosmic nonlinear 
dynamo mechanism is the study ofthe long-term behavior ofthe solar cycle 
over at least 1000 years. We built a simplified model to investigate the non
linear process by representing two basic aspects of the nonlinear dynamo 
using two kinds of parameters in a formula that represents the strength of 
the dynamo in the dynamo equation which describes the longitude-averaged 
MHD processes due to the flows of the differential rotation and of the global 
convection (Yoshimura 1978a,b, 1979). The formula is a simplified replace
ment of the role that Lorentz force must play in the nonlinear dynamo. The 
replaced formula represents two basic aspects of the nonlinear process. One 
is that the Lorentz force of the dynamo-generated magnetic field modify 
flows of the dynamo and weaken the dynamo. The other aspect is that it 
needs a certain time for this modification to take place. The first aspect 
determines the level of solar activity and the level of the solar cycle. The 
second aspect of delay time is determined by the strength of magnetic field 
inside the Sun where the dynamo is working since the delay time is the time 
needed for the force to modify the velocity field. Conversely, from the delay 
time, in principle, the strength of the field can be determined. One of the 
most important results of this formulation of the nonlinear dynamo is that 
time delay of about 20-year is necessary for a solution of the formulated 
nonlinear dynamo equation to reproduce the observed 55-year grand cycle 
modulations ofthe ll-year solar cycle (Yoshimura 1978b, 1979). This delay 
time of 20 years was found in the 1l0-year modulation of the solar differ
ential rotation calculated from displacement of positions of sunspot groups 
(Yoshimura and Kambry 1993a,b,c,dj Yoshimura 1993a). This finding in
dicates that the Lorentz force of the solar cycle magnetic field is strong 
enough to modify flows in the solar convection zone and hence the same 
Lorentz force of the solar magnetic field must work on the flows of the con
vection. A purpose of next step of this series of efforts, therefore, became 
to find an evidence of time delayed phenomenon of the nonlinear reaction 
of the magnetic field on the global convection. 

4. The Magnetic Flux Tubes 

One major part of the nonlinear interaction processes between flows and 
magnetic field is the dynamics of magnetic flux tubes. Among other prob
lems related to the flux tubes, the concept of magnetic buoyancy is the most 
important one for the solar dynamo machinery. If temperature distribution 
of a magnetic flux tube is such that inside temperature and outside tem
perature are the same, the magnetic pressure inside of the flux tube makes 
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inside gas pressure be lower than that of outside, which makes inside mass 
density be lower than surroundings and hence the flux tubes become lighter 
than surroundings. Because of this, it has been argued that every magnetic 
flux tube inside the solar convection zone, once it is formed, becomes buoy
ant and erupts to the surface with time scale much smaller than the time 
scale of solar cycle. Hence, it has been argued that magnetic flux tubes we 
observe on the surface of the Sun cannot be generated in middle of the 
solar convection zone. If it is generated, it would erupt onto the surface of 
the Sun too soon that there would be no time for the solar cycle dynamo 
to amplify the magnetic field. These arguments lead to the conclusion that 
the solar dynamo must take place at the base of the convection zone. 

In our context of the solar dynamo machinery theory driven by flows of 
the differential rotation and of the global convection, the dynamo should 
take place in middle of the solar convection zone (Yoshimura 1983b). If 
inside temperature of a magnetic flux tube is lower than outside temper
ature, then inside mass density of a flux tube could be equal to or larger 
than that of outside. Then the magnetic buoyancy cannot work and thus 
the magnetic flux tubes can stay inside the convection zone (Yoshimura 
1985). Temperature difference which is necessary for the flux tube to stay 
in the convection zone was found to be extremely small. This theoretical 
conjecture shows that cooling of magnetic flux tubes can take place inside 
the convection zone. 

5. The Magneto-Thermal Pulsation of the Sun 

This conjecture was unexpectedly confirmed by an analysis of various kinds 
of observed data sets. One was the data of total solar irradiance (TSI) 
observed from space by the Active Cavity Radiometer Irradiance Monitor 
(ACRIM) I experiment on board of Solar Maximum Mission (SMM) and 
by the Earth Radiation Budget (ERB) experiment of Nimbus 7. The other 
was the data observed from ground of the sunspot relative number, total 
magnetic field flux, Ca II K index, and He I 10830 A, all of which turned 
out to be good indices of the magnetic field of the Sun. We found that the 
luminosity calculated from the TSI data and the magnetic field of the Sun 
were pulsating in unison with at least two kinds of time scales. One was 200 
days. The other was 11 years. The former was associated with formation 
of clusters of magnetic flux tubes, each tube of which, we thought, was 
responsible for formation of a solar active region. The latter was associated 
with the basic dynamo process of the solar cycle. We called the former 
phenomenon, the 200-day magneto-thermal pulsation and the latter, the 11-
year magneto-thermal pulsation. The 200-day magneto-thermal pulsation 
was superposed on the relatively slowly changing 11-year magneto-thermal 
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pulsation. In the 200-day magneto-thermal pulsation, the TSI increased 
about 50 days after an increase of the magnetic field indices of the Sun and 
decreased about 20 days before the increase of the magnetic field indices. 

We have argued that these evidences mean that blocking of heat flow 
and cooling of magnetic flux tubes take place inside the convection zone. 
The existence of the surface is not needed for the cooling and the convec
tion zone works as a temporary heat reservoir. This mechanism makes the 
flux tubes heavy enough to hinder expulsion of flux tubes from the solar 
convection zone and thus the dynamo can operate in the middle of the solar 
convection zone. We also found that, in the ll-year magneto-thermal pul
sation, the time profiles of the ERB and ACRIM TSI and of the ACRIM 
TSI were more similar to that of the sunspot relative number when the time 
profiles of the ERB and ACRIM TSI were displaced toward the past by an 
amount of about 10.3 years, which is one solar cycle prior to the observed 
time interval of the ERB and ACRIM data. This is the delay time we have 
been looking for as an evidence of the modulation of the convective heat 
flow by the solar cycle magnetic field. In this way, each concept that consti
tutes the nonlinear dynamo machinery is being verified one by one. More 
detailed review of this series of work on the magneto-thermal pulsation is 
to be found in Yoshimura (1995b). 
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Images of the solar corona as observed by the soft X-ray telescope 
aboard the Yohkoh satellite sometimes show a sequence of S-shaped X-ray 
emitting regions in the low latitudes of the northern or southern hemisphere 
(Matsumoto et al. 1996). Such a structure suggests that they are emergent 
portions of a submerged large scale helical flux tube in the convection zone. 
When the magnetic twist exceeds a threshold value, the flux tube deforms 
itself into a helical structure through the kink instability. We have carried 
out three-dimensional MHD simulations of such a kink-unstable flux tube 
in a convectively unstable gas layer. Here we briefly describe our model and 
numerical results (see Matsumoto et al. 1996 for details). 

We use Cartesian coordinates with z in the vertical direction and assume 
an ideal gas with adiabatic index I = 1.4. The initial state consists of the 
hydrostatic gas layer with (1) a convection zone in -2.SH < z < 2H with 
temperature gradient dT / dz = - (J - 1 )To/ H, where H and To are the 
scale height and temperature at z = 0, respectively, (2) a cold, isothermal 
(T = 0.2To) layer in 2H < z < 4H, and (3) a hot, isothermal (T = STo) 
corona in 4H < z. A twisted flux tube with the Gold-Hoyle force-free 
magnetic field distribution is imbedded at z = 0 in the convection zone. 
We cut off the flux tube at r = R and assume pressure balance between 
the flux tube and the external medium. Periodic boundary conditions are 
applied at x = 0 and x = L. Small Vz perturbations are imposed inside the 
flux tube at t = O. 

355 

Y. Uchida et al. (eds.J, 
Magnetodynamic Phenomena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 355-356. 
@ 1996 Kluwer Academic Publishers. 



356 

5.5 

T = 14.2 T = 21.3 

2.5 

8Z T = 22.3 8Z T =24.1 

2 

\ .· :f::~~·:·:t::~\ 
o :~.+.~~.:r: .. : 

• a> , 
-1 

- 2 

o 2 ~ 6 6 10 ~ 

x x 

!igure 1. Evolution of a kink:unstable flux tube: Upper panels show the B2 = O.36poC; 
Isosurface. Lower panels show lsocontours of vertIcal magnetic fields and horizontal mag
netic vectors at photospheric level (z = 2.55H). Solid curves and dotted curves correspond 
to different polarities. 

In figure 1, we show typical results of the simulation. The model param
eters are v~ = 2C;, R = H, and LI R = 10, where C~ is the sound speed 
at z = 0 and VA is the initial Alfven speed at the center of the flux tube. 
The number of grid points is 64 x 64 x 150. At t = 21.3H ICs, the flux tube 
has deformed itself into a helical structure due to the kink instability. The 
top portions of the helical flux tube continue to rise in the upper convec
tion zone. When they finally emerge into the corona, the emergent portions 
form a sequence of S-shaped regions similar to what we see in X-ray im
ages. The lower panels show photospheric magnetic fields. The regions with 
most intense vertical magnetic fields correspond fo sunspots. As the main 
part of the flux tube emerges, the f- and p-spots move approximately in 
the east-west direction j their axial tilt to the equator gradually decreases. 
These numerical results qualitatively reproduce many characteristics of ob
served solar active regions such as their kinked alignment, rising motion of 
magnetic loops, formation of sunspots, and their drifting motions. 
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STELLAR MAGNETIC ACTIVITY, ACTIVITY CYCLES, 

AND DYNAMOS 
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Abstract. Observational aspects of magnetic activity in stars are discussed 
with emphasis on their implications for dynamo models. The dependence 
of chromospheric and coronal emission on rotation in convective stars is a 
strong, albeit indirect evidence for the occurrence of some kind of dynamo 
action in all late-type stars. The available data, including those on stel
lar activity cycles, are as yet insufficient to constrain dynamo models in 
an effective way. The stellar data, anyway, seem to suggest a much more 
complex picture of the dynamo process than the one indicated by solar 
observations. 

1. Introduction 

The purpose of this paper is to discuss observational evidences of magnetic 
activity on stars and their relevance for constraining dynamo models. This 
is not an easy task. In fact, while there is ample evidence at present that 
stellar activity is of magnetic origin and likey due to some sort of dynamo 
action, there is no compelling evidence to make a selection between alter
native models or to constrain them in an effective way. Probably, the most 
significant result emerging from the available stellar data is that dynamo 
action in stars can be much more complex that could be inferred from ob
servations of the solar activity cycle alone. While many stars appear to 
behave similarly to the Sun, many others show a much more chaotic be
haviour or may be deprived at all (either temporarily or permanently) of 
a significant dynamo action. Understanding how these different behaviours 
depend on basic stellar parameters like rotation, convection, or age is one 
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of the great challenges in modern stellar astrophysics, one that will require 
a major effort on both the observational and theoretical sides. 

This is an area in which the solar-stellar connection can play a crucial 
role. Observations ofthe Sun have the highest spatial, spectral and temporal 
resolution, and span a much larger time interval than stellar observations 
(the latter point is particularly important in view of the long time scales 
-years and even centuries- typically associated with activity cycles). Solar 
observations have been, and still are, the benchmark against which to test 
dynamo models: as a matter of fact, these models are calibrated on the 
Sun, which makes their predictive power for other stars rather limited. By 
comparing the Sun with late-type stars with different masses, rotation rates 
and evolutionary states one hopes to understand how the dynamo process 
depends on basic stellar parameters and hence obtain a better understand
ing of the dynamo itself. Unfortunately, while the observable quantities 
refer to the surface layers of a star, the dynamo action operates in the deep 
interior, probably at the bottom of the convection zone, and the connection 
between surface activity and dynamo generated magnetic fields is far from 
being a direct one. 

In addition to this fundamental limitation, there are other practical, but 
not less important difficulties in using stellar observations to constrain dy
namo models. All observable quantities are in fact affected, at least to some 
extent, by selection effects, temporal variability, and background problems 
(e.g. the possible presence of a non-magnetic "basal flux" in Ca II H+K ob
servations). In many cases, the data samples used so far have been limited 
to small numbers of objects, and one should worry whether such samples 
are statistically significant especially in the presence of short-term variabil
ity that may obscure or significantly alter the long-term trends associated 
with activity cycles. In the absence of theoretical guidelines, it is difficult, 
if not impossible, to decide which are the most meaningful observables 
to be used to constrain models, i.e. whether luminosities, surface fluxes, 
or luminosities normalised to bolometric luminosities should be used. Also 
unclear is whether one should use the rotation period or a combination (like 
the Rossby number) of rotation and convective properties in studying the 
dependence of radiative losses upon dynamo action. Different correlations 
have been found using different parameters (and even by different authors 
using the same parameters!), thus it is questionable whether one can learn 
much on stellar dynamos from this kind of approach. 

With these caveats in mind, I will discuss in the following some of the 
observational constraints put on stellar dynamo mechanisms by ground 
based and space data. This paper is not for the specialist and provides only 
some general background mainly for the benefit of readers from the solar 
physics community. First, I will discuss basic results about the dependence 
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of stellar magnetic activity upon rotation, convection, and age. Then I will 
report on the extensive Mt. Wilson program for detecting activity cycles 
in other stars, and I will discuss a few attempts to use these data to infer 
dynamo properties. The main conclusion will be that there are no simple 
observational tests to discriminate between different dynamo models: while 
the available data are certainly consistent with dynamo action, they are 
by and large insufficient to effectively constrain the dynamo mechanism in 
stars other than the Sun. 

2. Dependence upon Rotation and Convection 

Early observations made in the sixties showed that both rotation and chro
mospheric activity decline with age in solar-type stars (see review by Hart
mann and Noyes 1987). This was summarised by Skumanich (1972) in his 
famous t- 1/ 2 law, which is probably the first and most convincing attempt 
to relate stellar activity to dynamo action. The decline of rotation with age 
is attributed to the braking action of magnetised stellar winds, while the 
associated decline of chromospheric activity with age is believed to be a 
consequence of the decreased rotation rate and dynamo efficiency. It is in
teresting to note that the Skumanich's law was derived by using only three 
data points (the Pleiades, the Hyades, and the Sun) and by attributing a 
unique average value to the rotation rate and Ca II emission of solar-type 
stars in the Pleiades and the Hyades. Subsequent observations of chro
mospheric and coronal radiative losses in clusters of different ages have 
substantially confirmed the decline of stellar activity with age, but have 
also revealed a much more complex picture. 

Recent results, which also include pre-main sequence (PMS) stars in star 
forming regions as well as field stars of different age populations, show that 
on average chromospheric and coronal emission do decline with age, but not 
with a t- 1/ 2 law; an exponential decline is more consistent with the data, 
while there is also evidence for an additional dependence on spectral type. 
Even more interestingly, cluster data (particularly young clusters) show a 
large spread in rotational velocities and chromospheric/coronal radiative 
losses, so it is questionable whether one can attribute a single data point 
to a given cluster. Particularly relevant in this respect are the results of 
Bouvier (1994) on the evolution of the stellar rotation rate as a function of 
age, from the PMS (T-Tauri) phase to old stars like-the Sun. Not only the 
average rotation rate increases during PMS contraction on the radiative 
tracks (as expected from conservation of angular momentum), but also a 
large spread is produced in rotation rates, probably as a consequence of the 
different degrees of coupling between the star and the circumstellar disk. 
The spread is particularly large for a Persei (age "J 50 Myr) whose late-
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type stars have rotation rates ranging from the minimum detectable value 
(rv 10 Km/s) to almost 200 Km/s. The spread is still large for the Pleiades 
(age rv 70 Myr), but then rapidly decreases for older stars and has virtually 
disappeared at the age of the Hyades (rv 700 My), presumably because the 
braking action of magnetised winds is stronger for more rapidly rotating 
stars. 

These results have two important implications. First, that rotation, 
rather than age, is the controlling factor in determining the efficiency of 
dynamo action and hence the level of chromospheric and coronal activity 
(a conclusion enforced by the high activity of tidally locked but relatively 
old evolved stars like RS CVn binaries); and second, that the various pro
cesses of acceleration and deceleration which occur during stellar evolution 
are likely to act differentially throughout the stellar body, causing signifi
cant radial gradients in the stellar angular velocity. While the dependence of 
chromospheric and coronal emission upon rotation has been demonstrated 
in many studies (albeit finding often different functional dependences), the 
effects of different rotational profiles in the stellar interior, and in general 
the influence of different convection zone properties, are much more diffi
cult to evidentiate from an observational point of view and have received 
therefore much less attention. 

According to mean-field dynamo theory, the mean field of a rotating 
convective star is sustained by the fluid motions against magnetic diffusion 
losses and periodically regenerated by a mechanism which involves differen
tial rotation and cyclonic convection (see, e.g., Rosner and Weiss 1992). In 
particular, while both differential rotation and cyclonic convection can con
tribute to the formation of a toroidal component from an originally poloidal 
field, cyclonic convection (i.e. the effect of Coriolis forces upon the convec
tive motions) regenerate a poloidal field of opposite sign from the toroidal 
field. For an aw dynamo (in which the contribution of cyclonic convection 
to the toroidal component is negligible), the efficiency of dynamo action is 
expressed by a dynamo number ND which is the product of two magnetic 
Reynolds numbers Rm = vl/'r/t, one for fluid motions due to differential 
rotation (the w-effect) and the other for the action of cyclonic convection 
(the a-effect). The dynamo number ND can be expressed as: 

(1) 

where a rv< v . 'V X v > Tc is the product of the mean helicity times the 
convective overturn time, 'V,.O is the radial gradient of angular velocity, 
and 'r/t rv< v 2 > Tc is the turbulent magnetic diffusivity. 
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Assuming, as order of magnitude estimates, that a '" 01, VrO '" 0/1 
and "It '" 12/Tc, the dynamo number is given by 

(2) 

where Ro = Prot/Tc is the so-called Rossby number, i.e. the ratio of the 
rotation period of the star to the convective overturn time. According to 
dynamo theory, therefore, the efficiency of dynamo action should depend 
not only on the rotation period of the star, but also on the convection 
zone properties, in particular the convection zone depth. For main sequence 
stars, Tc is a rapidly increasing function of the colour index B - V up to 
B - V '" 0.8 - 0.9 and almost constant for cooler temperatures (cf. Noyes 
et al. 1984a). Do we have evidence for such a dependence of stellar activity 
upon both rotation and convection? 

Noyes et al. (1984a) were the first to point out the importance of the 
Rossby number for a correct interpretation of stellar activity in terms of 
the dynamo mechanism. They found that a plot of Ca II H+K surface 
fluxes normalised to the stellar bolometric flux uT;ff vs. the Rossby num
ber Ro has significant less scatter than a plot of the Ca II H+K fluxes 
versus rotation period Prot, although the latter plot also shows an accept
able correlation. They also found that the improvement could be obtained 
only for a specific value (i.e. 2.0) of the ratio of the mixing length to the 
pressure scale height which enters in the calculation of Tc. Moreover, if the 
Ca II H+K fluxes were not normalised to the bolometric flux, the correla
tion was in fact worse. Although this result, as well as subsequent similar 
results by many other authors (cf. Simon 1992), is certainly attractive, it is 
not a proof than an aw dynamo is really responsible for the observed stel
lar activity. First, the improvement in the correlation is only marginal and 
depends on the use of a poorly determined theoretical quantity. Secondly, 
both the normalised flux and the Rossby number depend on spectral type 
and it may be that this conspires to produce somewhat less scatter than 
a plot of surface fluxes vs. rotation period (see also Hartmann and Noyes 
1987). 

A recent reanalysis of the same question by Hempelmann et al. (1995a) 
using X-ray data from the ROSAT all-sky survey shows that the ratio of X
ray luminosities to bolometric luminosities for a sample of field and cluster 
stars correlate well with both the rotation period and the Rossby number. 
There is no strong reason from an observational point of view to chose one 
formulation rather than the other. Thus, while there is ample evidence for a 
connection between stellar activity and rotation, in qualitative agreement 
with the predictions of simple dynamo models, it appears unlikely that 
correlations of the type we have discussed can be used to constrain dy
namo mechanisms for stars of different spectral types and convective zone 
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properties. Naively, one should expect that stars with the same rotation pe
riod and different spectral types should have different chromospheric and 
coronal fluxes, with the stars of later spectral type being systematically 
more active at least up to a certain B - V colour (see Eq. 2 above). It 
does not seem that this simple expectation is confirmed by the available 
data, although temporal variability, small data samples and possibly other 
(unkown) effects may effectively mask the expected trend. 

3. Activity Cycles 

Somewhat better constraints on dynamo mechanisms could be provided by 
observations of stellar activity cycles, particularly the long term program 
of Ca II observations carried out at Mt. Wilson (Wilson 1978, Baliunas 
and Vaughan 1985, Baliunas et al. 1995a). These data, which now span a 
quarter of a century, have shown a variety of behaviours which can basi
cally be reduced to three different types. About one third of the observed 
stars, mostly old quiet stars like the Sun, show a cyclic behaviour, with 
periods ranging from about 3 to 15 years. These are the stars which behave 
more similarly to the Sun. Another group of stars, usually young active 
stars, show a chaotic behaviour with no obvious periodicities. Finally, the 
remaining stars appear to be constant, with no indication at all of an ac
tivity cycle. These stars could be in a dormient state of magnetic activity, 
similarly to the seventeenth century solar Maunder minimum, or could be 
stars in which the dynamo action is permanently suppressed. 

Within the group of stars which show solar-type activity cycles, there 
is no significant dependence of the cycle period on other stellar parameters 
(Saar and Baliunas 1992). The cycle period does not seem to depend on 
spectral type (i.e. depth of the convection zone), nor on rotation (neither 
rotation period nor Rossby number), nor on the star activity level. It is 
interesting to note that some dynamo models have made specific predictions 
about the dependence of the cycle period on, e.g., spectral type, although 
these predictions were often contradictory (both cycle periods increasing 
and decreasing with spectral type were predicted; see also Noyes et al. 
1984b for a reported dependence of the cycle period on the rotation period, 
based on a smaller data sample). Things are not much better with regard to 
the cycle amplitude, although here some trends start to appear (Saar and 
Baliunas 1992). The cycle amplitudes tend to be longer for later spectral 
types and for more slowly rotating (i.e. less active) stars, but the scatter is 
large, and selection effects in the data sample can bias the results. There 
is also no apparent correlation between cycle amplitude and period. 

A more evident correlation was found by Saar and Baliunas (1992) 
between the normalised cycle frequency O~IIC = OClIcR2/"It and the dynamo 
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Figure 1. The ratio P.II./ Prot vs. the inverse of Prot for solar-type stars with cyclic 
activity (from Baliunas et al. 1995b). 

number ND. Not only n~e increases with ND, but now we have a clear 
separation between stars of different activity levels. Quiet slowly rotating 
stars like the Sun define an upper locus in the plane n;ye vs. ND, while more 
active stars define a separate locus systematically shifted to lower n~e and 
higher ND than for quiet stars (see Fig. 8 in Saar and Baliunas 1992). This 
suggests that stars in different regimes of rotation may have different kinds 
of dynamos, as predicted by some theoretical models (see discussion by 
Weiss in this volume). The problem with this kind of correlations (see also 
Tuominen et al. 1988) is that they combine purely observational quantities 
with theoretical computed quantities like the convective overturn time or 
the turbulent magnetic diffusion time, with all the uncertainties asssociated 
with the mixing length theory of convection (this applies also to the use of 
the Rossby number by Noyes et al. 1984a, as discussed above). 

Recently, Soon et al. (1993) and Baliunas et al. (1995b) have suggested 
the use of a purely observational quantity, the ratio Peye! Prot of the cycle 
period to the rotation period, to characterise magnetic activity in stars with 
well defined cycles. They argue that this ratio is a measure of the dynamo 
number and could be used as an observational test of the predictions of the 
dynamo theory. A plot of this ratio vs. the colour index B - V shows clearly 
a separation between active rapidly rotating stars (with larger P eye! Prot) 
and quiet slowly rotating stars, in agreement with the interpretation of this 
ratio as a measure of dynamo efficiency (Soon et al. 1993). Different dynamo 
models predict that this ratio should scale as f'V Ng with {3 in the range 
f'V 0.3 - 0.9; the observational data on activity cycles are consistent with 
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this trend, provided one uses the inverse of the rotation period as a measure 
of the dynamo number and considers only stars that have similar internal 
structure and convective zone properties (Fig. 1). Within this framework, 
the cycle amplitude shows an inverse correlation with the dynamo number, 
but only for the old slowly rotating stars (Baliunas et al. 1995b). 

Finally, Hempelmann et al. (1995b) have investigated the X-ray emission 
of stars with different types of Ca II activity cycles using data from the 
ROSAT all sky-survey. They find that stars with a chaotic behaviour have 
typically higher X-ray emission that stars with solar-type regular cycles or 
no cycles at all. This was expected, since stars with chaotic behaviour and 
irregular cycles were known to have typically higher levels of Ca II emission. 
More interestingly, stars with regular cycles or no cycles are also those 
with the largest Rossby numbers (i.e. smaller dynamo numbers), suggesting 
again a different dynamo pattern for rapidly and slowly rotating stars. 

To go beyond the general qualitative statements above seems premature 
at this stage. There are many factors that enter the complex hydromagnetic 
process offield generation by dynamo action. Trying to reduce this complex 
process to correlations between a few parameters is certainly an oversim
plification. The data themselves, which are based on a limited time span, 
also contain many uncertainties (particularly in the determination of P CJ/e)' 
Conclusions based on simple correlations and scaling arguments, although 
attractive, should always be considered with caution. 
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1. Introduction 

Since Robinson's (1980) groundbreaking paper, the magnetic properties 
of cool stars (i.e., the surface filling factor of active regions, f, and their 
mean field strength, B) have been studied by several groups. A vaguely 
disquieting trend has developed over the last decade, however: measured 
magnetic fluxes have generally decreased with time. Values for E Eri (a 
moderately active K2 dwarf), for example, have progressed (see Saar 1990; 
Valenti et al. 1995; and refs. therein) from f B = 0.57 ~ 0.78 kG in 1984 to 
f B = 0.30 ~ 0.35 in 1989, with only a solitary upper limit (f B ~ 0.11 kG, 
if B == 1.5 kG; Saar 1988) significantly deviating from the trend. 

Much of the change can be attributed to improvements in the analyses. 
As more physical effects were included in the modeling (treatment of radia
tive transfer, blends, disk-integration, etc.), more sources ofline broadening 
were treated and the magnetic parameters (especially J) decreased. But one 
must ask: will f B -+ 0 eventually? In other words, are the measurements 
real, or the product of still not-understood or overlooked systematic effects? 

2. Results of Recent Observations 

Several analyses of new, primarily IR, data, indicate that the measurements 
are indeed real. The first evidence comes from a careful study of infrared 
(IR) spectra by Valenti et al. (1995), who find B = 1.44 kG and f = 8.8% 
for E Eri by modeling the gef/ = 3 1.56J.lm Fe I and other features; lower 
limits were determined for two inactive stars. Thus, fB(E Eri)~ 0.12 kG, 
clearly non-zero, but significantly smaller than results from optical data. 

The advent of cryogenic echelles and IR array detectors promises an 
explosion of new and improved magnetic field measurements. The first look 
at data from these devices (the CSHELL on NASA's IRTF; Greene et al. 
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1993) is presented here and in Saar (1996). We obtained spectra of four 
members of the 2.22JLm Ti I multiplet (Saar & Linsky 1985) at a resolution 
AI ~A ~ 35,000 and SIN ~ 100 in January 1995. These were sky-subtracted, 
flat-fielded, telluric lines removed (using scaled spectra of A and B stars), 
and residual fringing (from the circular variable filter) removed. So far, only 
one pair of Ti I lines has been modeled. Because of this and the fringing 
problems, the results given here should be regarded as preliminary. 
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Figure 1. Left: IRTF CSHELL spectrum of GL 171.2A (thin solid line, Aj ~A = 35,000), 
showing Ti I lines at 2.2211 JLm (geff = 2.00) and 2.2233 JLm (geff = 1.67) and line models 
with B= 2.8 kG and f = 50% (heavy solid) and B = 0 (dashed), showing clear magnetic 
broadening. Right: CSHELL spectrum of AD Leo showing the Ti I line at 2.2310 JLm 
(geff = 2.50) and a model with B= 4.0 kG and f = 60% (heavy solid). This and other 
lines clearly show that a single component model is inadequate; a distribution of B values, 
either across the surface or vertically or both, is needed. 

Among the dozen or so K and M stars we observed was GL 171.2A 
(= BD +26°730), a nearly pole-on K5Ve flare star known to exhibit mag
netic line broadening (Saar et al. 1990; Basri & Marcy 1994). We fit the 
Ti I line profiles with a two component model: the observed flux Fobs = 
f Fmag(B) + (1 - f)Fquiet(B = 0) where Fmag and Fquiet are the disk
integrated fluxes from a completely magnetic and a B = 0 star, respectively. 
We adopt identical Milne-Eddington atmospheres for both components, and 
include full Zeeman patterns, magneto-optical effects, and radial-tangential 
macroturbulence. We find the Ti I lines are much broader than implied by 
v sin i alone, and are best modeled if B ~ 2.8 kG and f ~ 50% (Fig. 1, left). 
These values are quite consistent with previous optical results, indicating 
that at least some of the older magnetic measurements are accurate. 

Other CSHELL results (Table 1) confirm strong B on dMe stars (Saar 
1994a), and reveal details of horizontal and vertical magnetic structure on 
stars. Since the Ti I features increase in strength with decreasing Teff and 
are quite weak in normal K stars (e.g., f. Eri; Saar 1988), their anomalous 
strength in LQ Hya (K2Ve) and II Peg (K2IVe) together with widths ::}> 
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v sin i imply starspot magnetic fields are being observed for the first time. 
Optical Zeeman Doppler images of LQ Hya (Donati 1996), which map the 
local 'L(f B) distribution across the stellar surface, show a much smaller 
net flux. This suggests that much of the magnetic flux on LQ Hya (or at 
least the plage-like regions which dominate the optical signal) is in the form 
of bipoles with separations smaller than a surface resolution element. Late 
M dwarfs (AD Leo and YZ CMi) clearly show unusually broad Zeeman (J 

components (Fig. 1, right) which might arise either from a spread in B in 
different active regions on the surface, or a significant vertical gradient in 
B over the height of formation of the Ti I lines, or some combination of 
both (see also Saar 1992, Johns-Krull & Valenti 1995). These results are 
described in more detail in Saar (1996). 

3. Analysis 

3.1. THE DATA SET 

With these new, improved magnetic field measurements in hand, it is clearly 
useful to revisit the relationships between f and B, stellar properties, and 
magnetic activity indicies such as X-ray and Ca II HK emission. Caution 
is required, however, since the latest results (e.g., Valenti et al. 1995) im
ply some of the older measurements are faulty. I have therefore compiled 
a carefully selected sample of magnetic measurements from analyses which 
treat radiative transfer effects and use disk-integration in their models (see 
Landolfi et al. 1989). In addition, I (ruthlessly!) neglect results from low 
SIN IR data, measurements using Fe I 8468A in K dwarfs (they disagree 
with IR data for E Eri and 61 Cyg A), Zeeman/magnetic Doppler imag
ing results (due to problems detecting all the :flux), and curve-of-growth 
analyses (which cannot separate f and B, measuring only their product 
at lower accuracy). This leaves the new CSHELL results presented here, 
and the data compiled in Table 1. In what follows, I focus primarily on 
dwarf stars (and leave the RS CVn II Peg out of the fits). It is important 
to realize that uncertainties in the physical properties of stellar :fluxtube 
atmospheres introduce significant, incompletely understood, and difficult 
to quantify systematic effects in the magnetic parameters (especially f); 
these will dominate over random errors in f and B (Basri et al. 1990; Saar 
et al. 1994; Saar & Solanki 1996). 

3.2. CORRELATIONS WITH STELLAR PROPERTIES 

Previous studies (e.g., Saar 1990, 1994a) have indicated that B is confined 
by photospheric gas pressure: B :s: Beq = (811' Pgas )O.5 (where Pgas is the 
gas pressure). Using newer model atmospheres (Kurucz 1991) and taking 
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TABLE 1. Selected Magnetic Parameter Measurements and Stellar Data 

Star/ sp. Prot f B ref logFx log FCIV 
HD # type (d) (%) (kG) (ergs cm-2 S-1) 

sun G2V 25.4 1.5 1.5 4.8 4.0 
115383 GOV 4.9 19 1.0 2 6.2 5.1 
20630 G5V 9.4 20 1.8 3 5.9 4.8 
131156A G8V 6.2 18 1.9 2,9 6.4 4.9 
131511 KIV 9 6 1.7 2 5.8 4.7 
26965 KIV 37 $2.7 1.71 4· 5.3 3.7 
185114 K1V 27.2 51.9 1.36 4· 5.0 4.0 
22049 K2V 11.3 8.8 1.44 4· 5.7 4.6 
17925 K2V 6.76 35 1.5 5 6.1 5.0 

LQ Hyat K2Ve 1.60 70 3.5 6· 7.3 5.6 
GL 171.2A K5Ve 1.85 50 2.8 6· ,10 7.1 5.7 
EQ Vir K5Ve 3.9 55 2.5 7 7.0 5.3 

DT Vir M2Ve 1.54 50 3.0 6· 6.9 
AD Leo M3.5Ve 2.6 60 4.0 6· ,11· 6.6 5.5 
YZ CMi M4.5Ve 2.78 67 4.2 6· 6.8 5.3 
EV Lac M4.5Ve 4.38 50 3.8 8 6.7 
GL 729 M4.5Ve 50 2.6 8 6.2 

II Pegt K2IVe 6.7 60 3.0 6· 7.4 5.9 

References: 1 Montesinos & Jordan (1993); 2 Linsky et al. (1994); 3Saar & Baliunas 
(1992); 4 Valenti et al. (1995); 5Saar (1991); 6 prelim. result, this paper; 7Saar (1992; 
unpubl.); 8Johns-Krull & Valenti (1995); 9Marcy & Basri (1989); 10Saar et al. 
(1990); llSaar (1994a). ·IR data; tsignificant starspot contribution. 

Pgas(T = Teff ), Saar (1996) shows that the situation may be more complex 
(Fig. 2, left). While B S; Beq is generally valid in most GK stars and at 
least one less active M dwarf (GL 729), B > Beq in the heavily spotted K 
dwarf LQ Hya and in more active dKe and dMe stars. 

One possible explanation is that we are beginning to see contributions 
of starspots on the most active stars. This is clearly true for LQ Hya (and 
II Peg), and may also be true for the dKejdMe stars. It is also consistent 
with the increased photometric variability in stars with "saturated" mag
netic activity (O'Dell et al. 1995). Thus, for stars with angular velocities 
n > nsab the magnetic flux continues to increase (Solanki 1994), appear
ing in the form of spots (with Bspot > Bplage '" Beq) which are more easily 
detected in the lR. Alternately, Bplage > Beq in "saturated" stars. 

If these ideas are correct, n f'V nsat will mark a change in f and B. 
For n < nsat , B S; Beq and f will be a strong function of rotation. Such 
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Figure 2. Left: Measured B vs. B - V color; the pressure equipartition field strength 
Beq is also shown (solid line). Right: Measured f vs. inverse Rossby number, TC/Pro\, 
showing a non-linear increase with saturation (see text). 
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Figure 3. Left: B / Beq vs. inverse rotation period. An increase is suggested for P < 
3 days. Right: Measured fB vs. inverse Rossby number, TC/Pro\, showing a non-linear 
increase with no clear saturation (f B ()( Ro-1.3; see text). 

relationships have been noted before (e.g., Saar 1990; 1994b), and the new 
data confirm and refine them: Saar (1996) shows f ex: Pr-;,l-8 for Prot> 3 
days, and f ~ 60% for Prot < 3 days. Similar correlations can also be con
structed with the Rossby number Ro = Prot/Te, where Te is the convective 
turnover time. The f - Ro relation (Fig. 2, right) can be fit with either a 
power law plus saturated state (f ex: Ro-1.3 for Ro- 1 < 8, f ~ 60% for 
Ro-1 > 8) or with log f = -0.26 - 0.85Ro, a result in remarkable agree
ment with the theoretical estimate of Montesinos & Jordan (1993). This 
magnetic area saturation for Ro-1 > 8 (Prot'" 3 days for a mid K dwarf) 
is consistent with the activity saturation at nsat (e.g., Vilhu 1984). There 
is also some evidence for an increase in B with rotation for n > nsat (Fig. 
3, left). Finally, there is not clear evidence for saturation in magnetic flux 
density f B versus Ro (Fig. 3, right; see also Saar 1996), where f B ex: Ro-1.3 
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for all Ro (log IBex: -l.ORo also works). This result lends further support 
for the idea that while I reaches a maximum for n > nsat , B (and thus 
I B) continues to increases with n (i.e., B ~ Beq , perhaps due to increased 
Ispot/ I; Saar 1994b). (I note in passing that while correlations between I 
or I Band Ro are not significantly better than with Prot for dwarf stars, 
use of the Rossby number does permit II Peg to be included in the same 
relationship. ) 

4. Correlations with Magnetic Activity Diagnostics 

It is particularly relevant in the context of this meeting to also take a 
fresh look at relationships between magnetic parameters and emission from 
stellar outer atmospheres. Table 1 also lists surface fluxes of coronal X-rays, 
and transition region C IV emission (1550A). These values have been taken 
primarily from Rutten et al. (1989, 1991), Hempelmann et al. (1995), Ayres 
et al. (1995), Wood et al. (1994), and results of several IUE and ROSAT 
campaigns. 
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Figure 4. X-ray (left) and C IV (right) surface flux densities (ergs cm-1 s-lJ vs. 
magnetic flux density f B; the data can be fit with Fx ex (f B)l.O and FCIV ex (f B) .8. 

I find Fx ex: (f B)1.0 (Figure 4, left), in agreement with previous results 
(Schrijver et al. 1989; Schrijver 1991). The relation proposed by Stepien 
(1994; Fx ex: T~i(f B)1.9) does not fit the data as well. The C IV data 
shows FCIV ex: (f B)O.8 (Fig. 4, right), again consistent with previous results 
(Schrijver 1990, 1991). Note however, that almost equally good fits can be 
found for Fx ex: f1.2 and FCIV ex: fLo. The near linear relationship between 
f Band Fx suggests not all the photospheric magnetic flux reaches (and 
heats) the corona (Stepien 1988; Montesinos & Jordan 1993). Schrijver 
(1990) proposes a combined heating mechanism for the transition region. 

One can also explore the relationship between magnetic and chromo
spheric flux. Here, I use the Ca II HK flux excess (LlFHK) as a proxy 
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for chromospheric emission, computed mostly from values in Rutten et al. 
(1991). I have ignored the M dwarfs, since the Ca II HK emission lines in 
these stars are a much less important part of the chromospheric energy bud
get (H emission dominates) and (uncertain) correction factors are needed to 
correct for this (Rutten et al. 1989). The result is ~FHK ex (f B)O.5 for f B < 
0.4 kG, above which chromospheric heating in Ca II appears to saturate. 
This result, which appears to be due to the topology of merging flux tubes 
(Solanki et al. 1991; Schrijver 1993), is roughly in agreement with Schrijver 
et al. (1989), but is based only 11 stars, and should be viewed with caution. 
Nevertheless, the emission flux - magnetic flux correlations found here are 
overall consistent with the analogous, spatially resolved relationships seen 
on the sun (Schrijver 1993), and with stellar flux-flux correlations. 

Further accurate measurements of f and B, in particular for both in
active and very active stars, are needed to confirm the tentative results 
discussed above. Fortunately, new IR spectrographs and arrays, together 
with improved analysis methods, are now making this feasible. 

This paper made use of data obtained at the NASA IRTF, operated by 
the Univ. of Hawaii under contract with NASA, and the NSO McMath
Pierce telescope, operated by AURA under contract with the NSF. I would 
like to thank J. Bookbinder for help observing at the IRTF, T. Greene and 
J. Rayner for deft technical support, and D. Jaksha, M. Giampapa and all 
involved with the late, great McMath-Pierce Solar-Stellar program for all 
their help. Thanks also to those referenced below for many enlightening 
discussions. This work was supported by a Smithsonian ROF grant, and 
NASA grants NAG5-2173, NAG5-1536, and NAG5-1975. 
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ACTIVE LONGITUDES AND ROTATION OF ACTIVE STARS 
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Abstract. The interpretation of light curves and line profiles of active stars 
indicates that surface features exist at different atmospheric heights and 
these features, assumed as tracers of stellar rotation, suggest the persistence 
of active longitudes for timescales up to decades, as well as a differential 
rotation regime. The current results and some newly proposed methods to 
investigate activity and rotation are reviewed in the framework of recently 
proposed stellar dynamo models. 

1. Introduction 

Activity phenomena related to magnetohydrodynamics processes occurring 
in stellar interiors and atmospheres have been identified in a number of 
single and binary stars, among which are chromo spherically active main se
quence single stars (Baliunas & Vaughan 1985), T Tauri stars (Appenzeller 
& Dearbon 1984, Appenzeller & Mundt 1989, Montmerle et al. 1991), FK 
Comae giants (Bopp 1983), and close binaries belonging to the RS Canum 
Venaticorum class (Bopp & Fekel1977, Catalano 1983, Rodono 1992, 1994), 
UV Ceti flare stars (Rodono 1990), Algols (Olson 1984) and cataclismic 
binaries (Bianchini 1990). These variables show a solar-like activity, char
acterized by magnetic fields which control the transfer of energy and mo
mentum into the atmosphere producing cool spots in the photosphere and 
non-radiatively heated structures in the upper levels (chromospheric and 
coronal plages and flares). 

The observations indicate that the basic ingredients for the develop
ment of solar-like activity are a deep convective envelope and a fast ro-
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tation (usually> 5 - 10 km s-1 at the equator), in agreement with the 
magnetohydrodynamics dynamo model (Moffatt 1977, Krause & Radler 
1980, Zeldovich et al. 1983, Weiss 1994). However, a satisfactory compre
hension of the physics of magnetic fields in a turbulent stellar envelope at 
very high magnetic Reynolds numbers is still lacking, essentially because 
of our inadequate description of the non-linear processes governing the tur
bulence itself. Therefore a leading role is played by the observational study 
of magnetic activity, which allows us to put some constraints on the ba
sic parameters of the dynamo mechanism, such as the differential rotation 
amplitude and turbulent diffusivity, and to test its basic results concerning 
activity cycle lengths, large scale field structures, and surface migration of 
the activity centers. 

In the present review, basic observational methods are reviewed in the 
framework of the so-called solar-stellar connection and their capabilities 
and results are briefly discussed, addressing in particular the problem of 
the surface distribution of activity and its relationship with stellar rotation. 

2. Active Longitudes 

Solar active regions show a marked tendency to appear in close proxim
ity both in time and space, the probability of formation of a new active 
region being significantly higher near a preexistent active region (Zwaan 
1992, Harvey & Zwaan 1993). Sunspot activity complexes or activity nests 
have lifetimes of the order of six months (e.g., Gaizauskas et al. 1983, Cas
tenmiller et al. 1986, Harvey & Zwaan 1993). Moreover, the longitude dis
tribution of major solar flares is not random, showing the existence of hot 
spots with lifetimes longer than the 22-year magnetic cycle and rotation 
rates usually slower than that of the activity belts (Bai 1988, 1990). 

In the case of the active stars, the tendency for a clustering of the 
photospheric spots around certain longitudes is very pronounced, as shown, 
e.g., by the existence and the long-time phase coherence of a photometric 
wave in the light curves of the RS CVn binaries (Catalano 1983, Rodono 
et al. 1995). Modelling the wide-band flux modulation in terms of discrete 
starspots (e.g., Strassmeier & Bopp 1992, Henry et al. 1995) or a continuous 
distribution of spots (e.g., Eaton & Ha111979, Rodono et al. 1995), the 
distribution of the spotted area versus longitude can be derived. Ground
based photometry of eclipsing binaries allows us to reach a resolution of 
10° - 30° in longitude during eclipses, when the occulting star acts as a 
moving screen progressively scanning the spotted companion, and of 50° -
90° outside eclipses. 

The actual resolution in latitude is poor when wide-band photometry 
alone is used, but a significant improvement can be achieved by spec-
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troscopy using the Doppler Imaging technique, provided that the star has 
a projected equatorial rotation velocity v sin i in the range 20 - 90 kms- 1 

(Vogt et al. 1987, Piskunov et al. 1990, Cameron 1992). 
The main result from multi-band photometry and Doppler imaging tech

niques is the detection of cool spots with areas 103 - 104 times that of 
sunspots, but with a lower temperature deficit, usually between 800 -1200 
K (Eaton 1992) and lifetimes from a few months up to several years (Hall 
& Busby 1990). It is not known whether such regions are large coherent 
single spots or a loose cluster of many small and short-lived solar-size spots. 
Only in the latter case the analogy with the solar activity complexes should 
be fully appropriate. However, we shall denote the locations of starspots as 
stellar active longitudes and characterize them by their motion and lifetime. 

Short-period RS CVn active components show evidence of two active 
longitudes near the quadrature points with one longitude being usually 
more active than the other at any given time (Zeilik 1991, Zeilik et al. 
1994 and references therein). A similar behaviour has been detected in the 
apparently single giant star FK Comae (Jetsu et al. 1993, 1994). 

In longer period RS CV n binaries (Porb > 1 - 2 days) one active longi
tude is usually present. It drifts slowly with respect to the coordinate system 
co-rotating with the orbital motion and the drift rate can be variable in 
amplitude and sign (Catalano 1983), but the moving active longitude seems 
to be a long-lived structure with a lifetime of the order of the decade. Some
times two (or more) active longitudes may be present as found by Rodono 
et al. (1995) for RS CVn (see Figure 1). 

In the case of single stars, there is some indication that the spot distribution 
in longitude tends to become more uniform as the level of activity decreases, 
thus approaching the solar behaviour (Baliunas & Vaughan 1985, Hall 1991, 
Radick et al. 1995). 

The distribution of spots in latitude, as inferred by the Doppler imaging 
technique, usually shows high-latitude or polar-cap spots, whose reliability 
is strongly debated. Recently, new arguments in favour of high-latitude 
spots have been proposed (Hatzes et al. 1995), but accurate line profile 
models are needed for a conclusive interpretation of the observations (Byrne 
1992, Unruh & Cameron 1995). 

3. Differential Rotation 

In principle, latitudinal differential rotation can be determined from the 
Fourier transform of the rotationally broadening function of the photo
spheric line profiles (Bruning 1981). This technique is suited for stars with 
a uniform photospheric temperature distribution and has indeed been ap-
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Figure 1. The relative spotted area (total active star photosphere = 1) per 9° longitude 
bin vs. longitude derived from the observed yearly light curves of RS eVn from 1963 to 
1979 (Rodono et al. 1995). 

(Dr = Oe;eop ), the main result has been that Dr = 0.0 ± 0.3 is consistent 
with the observations for both groups of stars (for the Sun Dr = 0.2). 
Active solar-like stars have surface inhomogeneities which can be used as 
tracers of the stellar rotation. The first method proposed to measure lati
tudinal differential rotation is based on the change of the drift rate of the 
photometric wave in RS CVn systems (Rodono 1981, Catalano 1983). It 
assumes that different drift rates are due to spots at different latitudes, so 
that an estimate of the amplitude of stellar differential rotation can be ob
tained from a long time sequence of light curves. As an example we present 
in Figure 2a the drift of the longitude of maximum spottedness on the ac
tive component of RS CVn during a period of about 30 years. The drift is 
measured with respect to a coordinate system co-rotating with the orbital 
motion and its variation gives a Dr between 5% and 20% of the solar value, 
in the hypothesis that the main activity belt migrates in latitude between 
25° and 10°. A particularly interesting and intriguing phenomenon is the 
possible correlation between the apparent acceleration of the stellar rota
tion and the decrease of the orbital period near the end of 80's (see Figure 
2b). 
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Figure 2. The longitude of the spotted area maximum lmax from spot modelling of the 
1963-1993 yearly light curves (a), and the orbital period variation (b), vs. time. 

Hall (1991) has reviewed the available data for the migration of spots' lon
gitudes in a sample of 85 stars. In the hypothesis that the active longitude 
drift reflects latitudinal differential rotation, a relationship between rota
tion and differential rotation amplitude can be derived. It turns out that 
Dr is of the order of 10-1 - 10-3 of the solar value and decreases with 
increasing n, (Dr'" n-O.85 ) contrary to the intuitive expectation that the 
amplitude of differential rotation should increase with the increasing effect 
of the Corio lis force on convective motions. The fact that a large fraction 
of the stars in the sample are binaries does not seem to affect the value of 
Dr so that tidal forces can not be invoked to explain such a result. 
The evaluation of the sign of the difference ne - np can be obtained from 
spectroscopic data. Vogt & Hatzes (1991) have deduced a polar acceleration 
with Dr = -0.02 ± 0.002 for the active component of UX Arietis from a 
sequence of Doppler images of the star. 
In favour of such low values of differential rotation, Hall & Busby (1990) 
report also the long observed life-times of spots. In fact such large surface 
features should be smeared out by the shear due to a latitudinal differential 
rotation of solar amplitude within a few rotations. However, the situation 



380 

sequence of Doppler images of the star. 

In favour of such low values of differential rotation, Hall & Busby (1990) 
report also the long observed life-times of spots. In fact such large surface 
features should be smeared out by the shear due to a latitudinal differential 
rotation of solar amplitude within a few rotations. However, the situation 
can be more complicated if starspots consists of several small size spots 
which emerge and decay at random within a larger activity complex (see, 
e.g., Eaton et al. 1995). 

Another method to estimate stellar differential rotation in active stars is 
the analysis of the time series of the spectroscopic index S which measures 
the strength of the chromospheric emission (Baliunas et al. 1983, 1985, Don
ahue & Baliunas 1992). The value of S sometimes shows a quasi-periodic 
modulation with the rotation phase and the analysis of an enough long and 
continuous time series allows us to determine the rotation period Prot. Usu
ally Prot is not constant but shows variations between 1% and 10% among 
observing seasons. As in the previous case, such changes are attributed to 
changes in the latitude of the chromospheric plages along an activity cycle, 
so that the range of the observed rotation periods can be used to estimate 
the differential rotation amplitude. In the case of the Sun the expected 
change of Prot along the ll-year cycle has indeed been detected in disk
integrated data (Donahue 1993). From the analysis of 37 main sequence 
single stars, Donahue (1993) has deduced that Dr increases with the rota
tion rate n (Dr '" nO.7). Moreover, for several stars, the variation of the 
rotation period versus the activity level along the cycle (measured by the 
average value of the S index itself) could allow us to infer also the sign of 
the difference ne - np , as described in detail by Donahue & Baliunas (1992) 
a.nd Donahue (1993). 

The above described methods are based on the migration in latitude 
of the spots or plages, but in the case of the RS CVn variables no estab
lished evidence exists of a regular migration along the activity cycle (Hall 
1991, Rodono et al. 1995). In order to overcome this problem and obtain 
an estimate of Dr in a time scale short with respect to the length of the 
activity cycle, Lanza et al. (1993, 1994) have proposed a method based on 
the Fourier analysis of a continuous sequence of wide-band light curves. 
If starspots consist of many solar-size spots, each rotating with the angu
lar velocity of the surronding plasma at its latitude, as suggested by the 
observation of sunspot groups (Gilman & Howard 1986), then the spot pat
tern will be progressively distorted by the latitudinal differential rotation 
and eventually each individual latitude belt will drift with respect to the 
others. The disk-integrated photometric modulation produced by the spot 
pattern wilt-show the rotation frequencies of the various small-size spots 
and the ensemble of the frequencies can be resolved by a Fourier analysis 
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Figure 3. Periodograms obtained from simulated light curve sequences of a differentially 
rotating spotted star with a varying level of noise added. The noise is Gaussian with 
standard deviation Un measured in unit of the flux of the unspotted star. The horizontal 
bar indicates the interval (~n) covered by the rotation frequencies of the spot pattern. 
The confidence level for the periodogram main peak is indicated by the dashed line. The 
multiperiodic nature of the modulation and the amplitude of the differential rotation can 
be reliably detected up to Un = 0.01. 

are not easily met using ground-based telescopes, however a possible mul
tiperiodicity has been detected by Baliunas et al. (1985) in some of their 
most extended time series. 
It is also possible to obtain information on the sign of the latitudinal dif
ferential rotation, without reconstructing a sequence of surface maps, by 
applying the same technique to spectroscopic data (see Lanza & Rodono 
1996). The method can be applied to any star suited for Doppler Imaging 
and does not suffer from problems related to line profile modelling or regu
larization criteria, because it directly exploits the correspondence between 
latitude belts and line profile intervals along a rotationally broadened line 
profile. It requires a sequence of line profiles with high signal-to-noise ra
tio (~ 2: 300) and a coverage without gaps longer than rv 0.2 in rotation 
phase. In order to measure the amplitude and sign of a differential rotation 
of order ~n, the extension of the sequence should be at least of i~. An 
example of the results obtained from simulated data is shown in Figure 
4. The application of such a technique to real stars requires a coordinated 
whole-Earth network of telescopes or a dedicated space-borne observatory 
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Figure 4. Periodograms obtained from a sequence of simulated line profiles with 
~ = 450, labelled according to the wavelength difference ~>. with respect to the line 
center at >'0 = 6000.0 A . The two continuous lines indicate the rotation frequency inter
vals of the assumed high-latitude (~nd and low-latitude (~~h) starspots, respectively 
(no is the angular velocity at the poles). The dashed lines indicate the 99% confidence 
levels of the main periodogram peaks at ~>. = 0.0 A and ~>. = 0.4 A, respectively. The 
weakening of the high frequency peak toward line wings gives evidence of an equatorial 
acceleration (ne > np ), as explained in Lanza & Rodono (1996). 

on a high-altitude orbit, in order to avoid gaps as much as possible in the 
time series. 
The lifetime of the adopted tracers is of primary importance for the above 
discussed methods. If the lifetime of the individual spots or plages is shorter 
than the time interval needed to resolve the differential rotation, the multi
periodic nature of the modulation can not be detected (Lanza et al. 1994). 
Moreover, Donahue & Baliunas (1992) and Donahue (1993) have pointed 
out that the best rotation period determination with a given kind of surface 
tracer is achieved for an optimal length of the time series. For instance, in 
the solar case, a time length of about six months appears to be the most 
appropriate when the chromospheric emission is used. It is worthy noting 
that such a time scale corresponds to the lifetime of the activity complexes 
mentioned above. '!racers showing a short-term evolution, such as sunspots, 
are not adequate for an accurate measurement of the rotation period and of 
its variations along the ll-year cycle because their areal growth and decay 
induce a strong noise in the data, thus severely limiting the frequency reso-
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of surface tracer is achieved for an optimal length of the time series. For 
instance, in the solar case, a time length of about six months appears to be 
the most appropriate when the chromospheric emission is used. It is worthy 
noting that such a time scale corresponds to the lifetime of the activity 
complexes mentioned above. Tracers showing a short-term evolution, such 
as sunspots, are not adequate for an accurate measurement of the rotation 
period and of its variations along the ll-year cycle because their areal 
growth and decay induce a strong noise in the data, thus severely limiting 
the frequency resolution (LaBonte 1982, 1984). In the stellar case, such 
effects could prevent the measurement of differential rotation for the most 
active stars showing short-term changes in their active regions and frequent 
flaring. 

4. A Comparison with Recent Dynamo Models 

The mean-field dynamo models have proved quite successful in explaining 
the basic properties of the solar activity cycle, so that their extension to 
the active stars has been natural. 

Radler et al. (1990), Moss et al. (1991), Rudiger & Elstner (1994) 
and Moss et al. (1995) have proposed models in which large-scale non
auxisymmetric magnetic fields are excited at values of the dynamo number 
comparable or even lower than those corresponding to the excitation of 
the usual axisymmetric fields. A common results of such analyses is that 
the non-axisymmetric modes are stable only if the differential rotation is 
low (Dr < 0.1 - 0.2). As a matter of fact, a large differential rotation, as 
predicted by, e.g., Kitchatinov & Rudiger (1993) and Kuker et al. (1993), 
tends to eliminate any asymmetry in the large scale field by means of the 
induced shear within a few rotations. However, given the observed low val
ues of surface differential rotation inspotted stars, these models should be 
able to explain the existence of active longitudes due to a non-axisymmetric 
mean field, but are not capable of explaining the high-latitude spots ap
pearing in Doppler images. 

An explanation of the high-latitude activity has been suggested by 
Schussler & Solanki (1992) and Schussler (1996) in the framework of the 
flux tube model proposed for the solar subsurface field dynamics (Caligari 
et al. 1995). They assume that the magnetic field of a star is stored in the 
form of toroidal slender flux tubes in the overshoot region below the base 
of the convective zone. When the field strength of a flux tube is intensified 
beyond a certain critical value between 105 - 107 G, it becomes unstable, 
and one or two crests develop, entering in the superadiabatic part of the 
convective zone, where the buoyancy force drives them toward the photo
sphere. In a star which has a convective zone deeper and a rotation rate 
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faster than the Sun, the Coriolis force plays an important role in determing 
the path followed by the emerging flux tube. Inextreme cases the flux tube 
is forced to emerge parallel to the rotation axis and high-latitude activity 
is produced. In general, the latitude of emergence of a flux tube will de
pend mainly on its initial field strength, because it determines the relative 
balance between the radial buoyancy and the Coriolis force. 

It is interesting to note that the first unstable mode for a toroidal slender 
flux tube is characterized by an azimuthal wave number m = 1 or m = 2 
so that one or two activity complexes are expected to form in photosphere 
separated by '" 1800 as observed in some short-period RS CVn binaries 
(Zeilik 1991, Zeilik et al. 1994). However, it remains to be explained why 
the perturbations are preferentially excited at the quadrature longitudes 
with one longitude being more active at any given time. 

The presence of a system of toroidal flux tubes in the overshoot layer 
might modify the distribution of the angular momentum in a convective 
envelope because, in order to maintain mechanical equilibrium, the plasma 
inside the flux tubes should rotate faster than that outside (Moreno- Insertis 
et al. 1992). Some preliminary calculations suggest that such an effect might 
support the mechanism proposed by Applegate (1992) to explain the or
bital period variations in active binaries (see also Rodono et al. 1995).In 
conclusion, the model proposed by Schiissler (1996) seems promising, also 
because the predicted flux tube dynamics is not strongly dependent on 
the profile of the differential rotation nor on the presence of large scale 
flows. However, the process responsible for the generation of the assumed 
super-equipartition toroidal flux tubes in the overshoot region remains to 
be specified (Ferriz-Mas et al. 1994, Moreno-Insertis et al. 1995) and in this 
context the development of non-linear models, which try to include the 
interaction between differential rotation and dynamo, is of fundamental 
importance (e.g., Kitchatinov & Riidiger 1994, Kitchatinov et al. 1994). 
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DYNAMOS IN DIFFERENT TYPES OF STARS 

N. O. WEISS 

Department of Applied Mathematics and Theoretical Physics 
University of Cambridge, Cambridge CB3 9EW, U.K. 

1. Introduction 

It is generally accepted that magnetic fields in late-type stars are produced 
by dynamo action in their convection zones. In this review I shall discuss the 
impact on dynamo models of the observations that have been described by 
Pallavicini, Byrne and Giampapa et al. in these Proceedings. The magnetic 
behaviour of these stars is governed by a few control parameters: the mass 
and composition determine stellar structure and, in particular, the depth 
of the convection zone, while the rotation rate, n, controls the degree of 
magnetic activity, which in turn affects magnetic braking. I shall focus on 
G-stars like the Sun, whose rotational history is well established. 

There is an important distinction between turbulent amplification, which 
only yields transient magnetic fields, and dynamo action, which can main
tain a stationary or oscillating field. The effect of rotation on convection is to 
produce cyclonic eddies with helicity, represented by the a-effect. These ed
dies are a key ingredient of stellar dynamos. Then there is a further contrast 
between "magnetic weather" and "magnetic climate". Small-scale turbulent 
dynamos typically provide disordered fields, while systematic dynamo ac
tion, which can generate magnetic cycles, results from a combination of 
helicity and differential rotation (the w-effect). 

Although stars spin down owing to magnetic braking, growing less active 
as they age, it is more appropriate in a theoretical treatment to reverse 
stellar evolution by considering the effects of gradually increasing n. So I 
shall start by discussing slow rotators with magnetic cycles, like the Sun, 
and then go on to consider rapidly rotating and more active stars. Finally, 
I shall comment on the consequences of generating strong magnetic fields 
and of the deep convection zones in low-mass M-stars. Many of these topics 
have been dealt with recently at greater length (Weiss 1994). 
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2. Slow Rotators with Magnetic Cycles 

2.1. THE SOLAR DYNAMO 

The whole theory of stellar dynamos is based on detailed observations of the 
Sun. Its internal rotation can be deduced from helioseismological measure
ments: although the results obtained by inverting the frequency-splitting 
of p-modes are still ambiguous (Sekii, Gough & Kosovichev 1995), it seems 
clear that 0 is predominantly a function of latitude in the convection zone, 
with an abrupt radial shear (the tachocline) in a layer that includes a re
gion of weak convective overshoot. There is a general consensus that the 
solar dynamo operates in a shell at the base of the convection zone, with 
strong toroidal fields (104-105 G) generated by the radial shear. Direct ob
servations of the solar cycle show that the irregular ll-yr activity cycle 
(corresponding to a 22-yr magnetic cycle) was interrupted by the Maunder 
minimum in the 17th century; proxy measurements, derived from varia
tions in the production rates of radioisotopes such as l4C and lOBe allow 
us to infer that the pattern of cyclic activity modulated by grand minima 
has persisted for at least 104 yr (Stuiver 1994; Beer et ai. 1994). More
over, other slowly rotating stars appear to share this pattern of behaviour. 
Dynamo theory has to explain the basic cycle, its modulation on a longer 
timescale and the irregular behaviour, which is apparently chaotic. 

It has been shown numerically, in self-consistent but simplified mod
els, that a nonlinear dynamo can produce magnetic cycles. Most studies 
rely, however, on mean field dynamo theory, with the effects of turbulent 
cyclonic convection parametrized by a (proportional to the mean helicity) 
and w (an angular velocity gradient). Then the crucial parameter is the dy
namo number D ex: aw ex: 0 2 . If IDI is too small, magnetic fields will decay 
but as IDI passes through a critical value Dc the field-free state becomes 
unstable to oscillatory perturbations whose amplitude is limited by nonlin
ear effects. Here there are several possibilities (Brandenburg 1994). At one 
extreme, the mean field B may exert a macro dynamic couple that alters w. 
Since the Lorentz force is quadratic in B, that leads to variations in 0 with 
an ll-yr period - corresponding to the "torsional oscillations" that have 
been observed. At the other extreme, the Lorentz force may act through 
micro dynamics, as small-scale fluctuations quench the a-effect or alter the 
angular velocity. In a self-consistent treatment, valid provided there is a 
separation of scales in the convection zone, turbulent Reynolds stresses are 
modified by rotation (the A-effect) so as to allow large-scale differential ro
tation, and the A-effect is itself altered by the fluctuating magnetic fields. 
This approach has been applied to model a solar dynamo in the region of 
convective overshoot and to compute the "torsional oscillations" (Kitchati
nov, Rudiger & Kuker 1994; Kuker, Rudiger & Pipin 1995). 
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Figure 1. (a) Schematic bifurcation diagram, showing two successive Hopf bifurcations 
(HI, H2) followed by a transition to chaos as n is increased. (b) Chaotically modulated 
activity cycles: x 2 as a function of time t in a toy model (after Tobias et al. 1995). 

2.2. ORIGIN OF CHAOTIC MODULATION 

Figure la illustrates the essential bifurcation sequence in a nonlinear stellar 
dynamo. As D (or n) is increased, there is first an oscillatory (Hopf) bifur
cation at Dc that is followed by strictly periodic dynamo action. The second 
Hopf bifurcation leads to regularly modulated cycles, with trajectories in 
phase space that lie on two-tori instead of forming limit cycles. Subsequent 
bifurcations then lead to the chaotic modulation that is observed in the 
Sun. The underlying bifurcation sequence can be demonstrated in a sim
ple model. All that is needed is a suitable third-order system of nonlinear 
ordinary differential equations (which is necessary to describe motion on a 
two-torus and sufficient to allow chaos). 

Tobias, Weiss & Kirk (1995) consider such a toy system; in the three
dimensional phase space, the variables x and y represent the toroidal and 
poloidal fields, while the entire hydrodynamic state, including convection 
and differential rotation, is collapsed onto the z-axis. The coupled nonlinear 
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differential equations are in fact the normal form equations for a saddle
node/Hopf bifurcation, so the behaviour exhibited by their solutions is ex
pected to be robust. As a single parameter, corresponding to D or 0, is 
increased, there is indeed a Hopf bifurcation followed by a secondary Hopf 
bifurcation that leads to doubly-periodic modulated cycles. The final tran
sition to aperiodic modulation is associated with a global bifurcation in 
which the torus is destroyed. Figure 1b shows the behaviour of x 2 (which 
represents the sunspot number) as a function of time in the chaotic regime. 
In the plot the irregular cycles are modulated on a longer timescale, so 
that there are intervals with enhanced activity, separated by episodes of 
reduced activity. In this model, these episodes are associated with grand 
minima, which have a characteristic timescale of about 200 yr. A variant, 
in which two timescales of modulation are involved, is discussed by Tobias 
elsewhere in these Proceedings. Although such low-order models lack pre
dictive power, they do display generic patterns of behaviour that help to 
explain the origin of cycles with grand minima in actual stars. 

These toy systems reproduce complicated temporal behaviour with
out describing spatial structure. The simplest spatiotemporal patterns are 
one-dimensional travelling waves, whose nonlinear development also dis
plays aperiodic modulation. Two-dimensional structure is more realistic 
and Parker (1993) devised an attractive linear model in cartesian geom
etry, with an aw-dynamo operating at the interface between a layer (the 
convection zone) where the a-effect is concentrated and one (the radia
tive zone) in which the shear is located. Tobias (1995) has extended the 
partial differential equations to include nonlinear effects. The most signifi
cant results are obtained when saturation occurs through the action of the 
macro dynamic Lorentz force on the velocity shear. Figure 2a shows a non
linear travelling wave solution; the shaded contours indicate the toroidal 
field and the velocity perturbation generated by the Lorentz force. As ex
pected, the latter has half the period of the former. As IDI is increased, 
the travelling wave gives way to a modulated wave, which is illustrated in 
Figure 2b. For yet larger values of IDI, chaotically modulated waves appear. 

If we include lateral boundaries (at the poles) and allow for equatorial 
symmetries, the initial bifurcations give rise to two families of oscillatory 
solutions, with dipole and quadrupole symmetry about the equator, and 
subsequent symmetry-breaking bifurcations then produce mixed-mode so
lutions. Jennings & Weiss (1991) explored the bifurcation structure for a 
one-dimensional cartesian model and Tobias (1995) has investigated cor
responding behaviour for the two-dimensional interface dynamo described 
above. Similar bifurcations also appear in spherical geometry. 
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Figure 2. Modulation in a two-dimensional cartesian dynamo (a) Rightward travelling 
waves at two successive times . (b) Modulated waves at four successive times. Upper panels 
show the toroidal field and lower panels the velocity perturbation. (After Tobias 1995.) 



392 

3. Rapidly Rotating Active Stars 

3.1. EFFECTS OF INCREASING n 

Rotation affects convection through the Coriolis force and convective ed
dies are then responsible for differential rotation. The mechanism that leads 
to the rotation profile in the Sun is not yet fully understood. From the 
Proudman-Taylor theorem, it is clear, however, that in a rapidly rotating 
star large-scale convection will occur in banana cells, elongated parallel to 
the rotation axis, and that the angular velocity will tend to be constant on 
cylindrical surfaces; this has been confirmed by computation and experi
ment. The change from a profile similar to that revealed by helioseismology 
to one with the angular velocity more nearly constant on cylinders has been 
modelled successfully in terms of the A-effect (Kuker, Rudiger & Kitchati
nov 1993; Kitchatinov & Rudiger 1995). 

Increasing n alters the dynamo in two ways. From §2 we expect mag
netic fields to increase in strength and to exhibit richer time-dependence, 
while developing more complicated spatial structure. In addition, the new 
pattern of rotation reduces the shear in angular velocity, removing the need 
for a shell dynamo to generate toroidal flux. Indeed, the contrast between 
slow rotators, with recognizable magnetic cycles, and more rapid rotators, 
with a different relation between rotation periods and "periods" derived by 
analysing records of activity (Saar & Baliunas 1993), suggests that the dy
namo mechanism itself has changed. Irregular cycles apparently give way 
to unstable dynamos with sporadic (but frequent) reversals - a transition 
from quasi-AC to quasi-DC behaviour. Idealized numerical models of stel
lar dynamos also reveal an altered pattern of behaviour in rapidly rotating 
systems (Gilman 1983). We should expect the total magnetic flux to con
tinue to increase with increasing n although the toroidal field becomes less 
dominant compared with the poloidal field. Conservation of angular mo
mentum also ensures that any rising flux tubes drift away from the equator 
to accumulate near the poles. 

3.2. EFFECTS OF INCREASING (B2) 

Rapid rotation leads to stronger fields which themselves alter the nature of 
the dynamo. Chromospheric emission saturates for stars rotating with 5-10 
times the Sun's angular velocity, n8 . Thereafter more and more magnetic 
flux accumulates in starspots, giving rise to stronger photometric variabil
ity. The dynamo process itself saturates only for n > 20 n8 . The strong 
fields can then lead to enhanced magnetic braking, sufficient to explain the 
reduction of n from 80 n8 to 20 n8 during the gap of 2 x 107 yr that sepa
rates young stars in the a Persei cluster from those in the Pleiades, without 
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decoupling the convection zone from the radiative core (Collier Cameron 
& Li 1994). 

The presence of polar spots in rapidly rotating stars suggests that there 
is a dominant poloidal field. For example, about 20% of the surface area of 
the KO dwarf AB Doradus, rotating with 0 ~ 500o, is covered by spots, 
which are concentrated near one pole. In addition, there are features at 
lower latitudes which show little variation over an interval of a year (Collier 
Cameron 1995). The strong polar fields are bound to influence the pattern of 
convection and might be expected to drive a dipolar meridional circulation. 
Indeed, overall convective transport may be favoured if magnetic flux is 
confined to the neighbourhood of a pole. The intense field will then interact 
with local convective processes, which are likely to favour a group of isolated 
spots rather than a single huge spot, if the largest spot groups on the Sun 
can be taken as a guide. 

3.3. LOW MASS STARS 

In going from G through K to M-stars, the stellar mass decreases and the 
convection zone grows deeper, until M5-stars are fully convective. So there 
is no possibility of a shell dynamo in an M-star. Some differential rotation 
may remain but it seems more likely that such a star only retains a turbu
lent (0:2) dynamo, giving rise to strong but disordered fields. There may still 
be a tendency to polar activity, though observations favour spots at lower 
latitudes (suggesting that the dynamo is essentially non-axisymmetric). In 
the absence of a strong large-scale field with a long lever-arm, magnetic 
braking will be less efficient; the consequent reduction in the rate of spin
down is in agreement with observations (Durney, De Young & Roxburgh 
1993). 

4. Conclusion 

I have tried to clarify various current approaches to modelling nonlinear 
stellar dynamos, whether through toy systems, or treatments based on 
Reynolds stresses, or by creating o:w-models that illuminate the physics. 
It would be premature to attempt the massive computation required for 
a fully consistent model until the cause of differential rotation is properly 
understood. So far, all detailed calculations have been guided by solar ob
servations. As I have indicated, it is dangerous to extrapolate from the Sun 
to rapidly rotating and hyperactive stars, which may have qualitatively dif
ferent types of dynamo. At the moment we are not equipped to describe 
them more precisely. 

In the immediate future we can, however, look forward to advances in 
helioseismology associated with SORO and GONG, and to the accurate 
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determination of the variation of n with radius and latitude in the Sun. 
So we must focus on hydrodynamics and produce a self-consistent model 
of convection and differential rotation in the Sun. Then we can construct 
a convincing nonlinear model of the solar dynamo. Finally, we shall be 
ready to tackle rapidly rotating stars. I suspect that this programme will 
be enough to occupy not only the present generation of research students 
but also their successors. 
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CORONAL MAGNETIC ACTIVITY IN LOW MASS PRE-MAIN 

SEQUENCE STARS 
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Today's Sun is a mere shadow of its former self. Four and one-half billion 
years ago the Sun was a fully convective, rapidly-rotating K star, with about 
3 times its present radius. By all indications, it was magnetically active, 
with profound implications for the evolution of planetary atmospheres and 
the establishment of a an environment suitable for life on Earth. The Sun 
today retains no information on this stage of its evolution: we must explore 
it vicariously by observing low mass pre-main sequence (PMS) stars 4.5 
billion years younger than our Sun. These studies afford the opportunity 
to explore what is possibly a distinctly non-solar-like dynamo. 

Two distinct groups comprise the low mass PMS stars: the classical 
(cTTS) and the naked (nTTS) T Tauri stars. The difference between the 
two classes rests in the presence or absence of detectable amounts of cir
cumstellar dust radiating in the near-IR. The accretion of circumstellar 
material results in the prominent Ha emission line characteristic of the 
cTTS, as well as emission in other chromospheric lines. This strong emis
sion is not diagnostic of stellar magnetic activity: it is a consequence of 
accretional heating of the accreting gas, and will not be discussed here. 
The nTTS, on the other hand, show every indication of possessing true 
"solar-like" magnetic activity. 

As more nTTS are identified, it is possible to study the characteristics 
of a statistically significant sample of stars. Here I discuss analysis of the 
X-ray properties about 60 stars in the Tau-Aur, upper Sco, and R CrA 
associations for which I have complete data. 

Based on EINSTEIN and ROSAT observations, the nTTS have X-ray 
luminosities between about 1029 and 1031 erg S-l and characteristic tem
peratures of order 1 keY. Spectral fits suggest the emission is thermal with 
two temperature components, similar to those of active main sequence (MS) 
and post-MS stars. S. Skinner and I have recently obtained ASCA spectra 
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of two bright nTTS. Fits to the spectrum of HD 142361, a 2MG, 1 million 
year (Myr) old G2 IV star in the upper Sco association (Walter et al. 1994), 
require f'V0.7 and 2 keY components, with twice the emission measure in 
the hot component. The fits give acceptable X~ for solar abundances. Aside 
from the abundances, the spectral parameters are quantitatively similar to 
those of RS CVn systems, rapidly rotating post-MS G-K subgiants. 

Two coronal decay laws have been published for solar-mass stars: 

Lx f'Vt-O.6 (Feigelson et al. 1993) and Fx f'Vexp( -J 400~yr) (Walter & 
Barry 1991). Both relations fit the data for stars younger than about 
109 years. The surface flux Fx does not decay among PMS stars. On PMS 

1 
Hayashi tracks, the stellar radius shrinks as C'3, so that, for constant Fx, 

2 
Lx f'VR2 f'V C'3. Hence the decrease in Lx among PMS stars appears at-
tributable mostly to the shrinking of the stellar radius. 

The nTTS span a factor of 10 in mass, from 0.2 to 2 MG' In the up
per Sco association, which is coeval at an age of about 1 Myr, I find that 
Fx f"V ..JM and Lx f'V Mt. The flux ratio .Ex- is independent of mass, 

Fbol 
at a value of -3.37±0.23. As the association ages and the higher mass stars 
evolve off their Hayashi tracks, these relations will change. 

Grankin (1993) noted a correlation between Lx and rotation period Prot 

in a small sample of PMS stars. I note a similar result: Fx does decrease 
as the stellar rotation period lengthens. However, this is due to the relation 
Fx f"V ..JM. The more massive stars have shorter Prot than the lower mass 
stars: there is no evidence for a rotation-activity relation among the low 
mass PMS stars. I note that Majer et ai. (1986) have argued that this is 
also true of the RS CVn systems. 

I conclude that the coronae of the nTTS are RS CVn-like. The nTTS 
and RS CVns have similar Prot and surface gravities, suggesting that these 
parameters, and not the base of the convection zone, determine the coronal 
morphology. Whether or not the activity is truly solar-like is debatable. 
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Abstract. Observations indicate that the various active phenomena ob
served on the Sun are the principal constituents of the activity of other 
solitary late main sequence stars although in different proportions and 
prominence. But our ability to provide quantitative descriptions of the ac
tivity of other stars is limited observationally by our inability to resolve 
their disks and theoretically by the absence of clear ideas and quantitative 
theory for the phenomena in the Sun. Thus, for instance, it is not clear 
why the Sun is obliged to form spots, so it is not clear how to interpret 
the enormous spot areas that appear on some M-dwarfs. Similary, it is not 
clear why some M-stars produce flares 103 times more energetic than on 
the Sun. The same holds for the structure of the X-ray coronas of other 
stars, the strength of their stellar winds, the nature of the stellar dynamos, 
and the luminosity variations in step with their general level of activity. 
None of these phenomena are properly understood for the Sun, yet there is 
reason to expect that the crucial observational studies of the Sun (solar mi
croscopy and spectrometry in visible, UV, and X-rays, helioseismology) as 
well as critical attention to theoretical possibilities, promise progress with 
several aspects of the problem. The essential point is that the magnetohy
drodynamics of the high Reynolds and Lundquist numbers characterizing 
the convective zone of the Sun is qualitatively different from the familiar 
concepts of hydrodynamics and the plasma physics laboratory. The fibril 
state of the magnetic field at the visible surface of the Sun is the direct 
indication of that fact, and it appears that the dynamo and the several 
consequences of the dynamo fields can be understood only in terms of the 
complicated dynamics of magnetic fibrils. We shall be able to estimate the 
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properties of the fibril fields of other stars only when we better understand 
the physics of fibrils in the Sun. 

1. The Challenge 

The outstanding scientific challenge to the field of astrophysics is both the 
variability and the suprathermal activity of the ordinary star like the Sun. 
The suprathermal activity is itself highly variable, from the individual flare 
to the X-ray corona, the coronal mass ejection, and the solar wind. Then 
there is the observed variation by 0.2 percent in the total brightness of the 
Sun in step with the cyclic ll-year variation of the suprathermal activity. 
Observations indicate similar behavior of other solitary late main sequence 
stars (Baliunas, et al., 1995; Zhang, et al., 1994). It is not surprising to find, 
then, that the northern temperate zone of Earth shows a mean temperature 
closely tracking the level of activity of the Sun and, by inference, the varying 
brightness of the Sun (Eddy, 1977a,b, 1983; Friis-Christensen and Lassen, 
1991; Ribes and Nesmes-Ribes, 1993; Hameed and Gang, 1994 and Parker, 
1994a). The challenge is to understand the physics of the activity and the 

variability. It is important that the variability of the Sun now, today, and 
the possibilities for future variation, be understood as soon as scientifically 
feasible. The direct effect of the changing brightness of the Sun on the 
climate at all levels in the terrestrial atmosphere, from the ozone layer to 
the mean annual air temperature and the ocean surface water temperature, 
is of vital concern for human society. 

The study of solar variability and the terrestrial consequences began 
with the indirect phase of space science when we studied the fluctuations 
in conditions at ground level and inferred that there was activity in the 
ionosphere and magnetosphere above. From the correlation with solar ac
tivity we inferred that the Sun was the prime mover. Then came the direct 
phase of space science when we placed instruments in the magnetosphere 
and in interplanetary space to see directly what was happening there. We 
have learned a lot and we are still in the direct phase. But we have learned 
enough now to see that our living conditions here on Earth are driven up 
and down by the activity of the Sun. It is vital, therefore, that we address 
the question of what has happened with the Sun in the past, what is hap
pening at the present time, and what are the possibilities in the future. We 
are in the vital phase of space science and solar physics, and it is impera
tive that we all understand and appreciate that fact. Needless to say, there 
is no lack of ideas on the nature of the activity of the Sun. It is widely 
believed that the cyclical magnetic field of the Sun is produced by an aw-
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dynamo in the convective zone, the X-ray corona is created by the heat 
from dissipating Alfven waves, sunspots are explained by the magnetic in
hibition of convective heat transport, the solar wind arises from the matter 
injected by spicules into the corona, most stars are better understood than 
the Sun, etc. Many of these ideas are only guesses at best, and several of 
them are demonstrably inadequate, if not absurd. So if we are to address 
the physics of the Sun it is essential to view the problems with a critical 
eye, to see the problems in perspective and to appreciate what is and is 
not solid physical understanding. The widespread astrophysical practice of 
declaring the nature of active unresolved celestial objects is more entertain
ment than science. And that process of sequential conjecture is obsolete for 
the Sun where we have enough observational information to recognize the 
unanticipated mechanisms of the suprathermal activity. Nature is simply 
too complex to be explained by our meager repertoire of apric;>ri guesses. 
Close observational scrutiny invariably reveals effects outside the realm of 
familiar physics. 

Returning to the observations, it is curious that in its first 108 years the 
total luminosity of a star anti-correlates with the general level of activity, 
while later in life the two are in step, as with the Sun today. The studies 
of Foukal and Lean (1986, 1988; Foukal, 1990) show that a large part of 
the variation in total brightness of the Sun can be understood from the 
competition between dark sunspots and bright faculae and plages. The 
faculae dominate the sunspots because of their greater areas and longer life, 
so that the brightness increases with the general level of magnetic activity. 
One can imagine, then, that early in life a star like the Sun produces more 
spots in preference to faculae and plages, so that the brightness varies 
inversely with the activity. 

This remarkable situation serves to point up the fact that we do not 
understand the basic physics of plages, faculae, or sunspots. We know a lot 
about them, but we do not understand why a star is obliged by the laws of 
nature to produce them. So we do not understand why the proportions of 
spots and faculae should be different when a star is young. In fact, there is 
more to the variation of solar brightness than faculae and spots (Willson 
and Hudson, 1991; Kuhn and Libbrecht, 1991; Foukal, Harvey, and Hill 
1991) and presumably, therefore, more to the variation of the luminosity of 
other stars. Foukal suggests that the brightness variation arises primarily 
from the deep roots of sunspots and faculae (Foukal, Fowler, and Livshits, 
1983; Foukal and Fowler, 1984). The assumption is that the sunspots and 
faculae interact with the upward heat flow at depths so great that 10 or 
102 year changes in solar surface brightness have negligible effect on the 
massive thermal capacity. The characteristic thermal relaxation time for 
the convective zone is estimated by the total thermal energy divided by 
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the heat flux, giving approximately 105 years. However, it must be remem
bered that if the temperature at the base of the convective zone is fixed, 
then the thermal energy available is not more than the height integrated 
difference b.dT / dz between the actual and the adiabatic temperature gra
dient. With the evidence now that the brightness of the Sun may have 
varied by two or more parts in 103 for periods of the order of 102 years 
(e.g. the Maunder Minimum (17th century) and the Medieval Maximum 
(12th and 13th century)), it is not clear that this alone is sufficient. For 
instance, if one integrates b.dT / dz a distance 1010 cm upward from the 
bottom of the convective zone to a position half way to the surface, the 
result is 1K. The thermal capacity of the middle half of the convective zone 
is approximately 1010 cm times the specific heat pCp N 3 X 107 ergs/cm3 of 
matter at the half way point (where p NO.1 gm/ cm3, T ~ 0.9 X 106K). So 
a temperature change of 1K involves 3 X 1017 ergs/cm2• The energy flux is 
approximately 1011 ergs/cm2 sec. Therefore a change of two parts in 103 , 

or 2 X 108 ergs/cm2 sec would carry away the available 3 X 1017 ergs/cm2 

in a time 1.5 X 109 sec or 50 years. That is to say, b.dT / dz would double 
in 50 years providing much greater convective heat transport if the surface 
brightness were decreased, and b.dT / dz would fall to zero in 50 years if 
the surface brightness increased. So it is not entirely clear that the thermal 
resevoir in the deep convective zone is sufficient. And in any case, plages 
may be much more superficial, enhancing the heat transport only at depths 
of 1 - 2 X 109 cm or less. 

It should be noted that the brightness increase with activity may be 
simply an unavoidable consequence of the appearance of magnetic fields 
at the surface of the Sun. For the magnetic activity of a star like the Sun 
is presumably the result of the formation of Q-Ioops in the azimuthal flux 
bundles below the bottom of the convective zone. Each rising Q-Ioop creates 
a wake in the form of an updraft. The convective forces drive the updraft 
and the essential point is that the successive rising Q-Ioops extend from the 
bottom to the top of the convective zone, providing a vertical coherence 
length within the updraft that is substantially in excess of the coherence 
length of the ambient convection. The net result is an increased convective 
delivery of heat to the surface (Parker, 1994b,c, 1995a,b). The different 
modes by which the extra energy is radiated from the surface is then the 
next consideration, involving the unknown physics of faculae, spots, etc. 

Now if the brightness enhancement is primarily a consequence of the 
emerging Q-Ioops, then it is curious that early in life the net delivery of 
heat to the surface of a star varies inversely rather than directly with the 
6 - 10 year cyclic level of activity. So one might imagine the accumulation 
of vast areas of long lived spots on the surface of the young star, with only 
a limited emergence of fresh Q-Ioops and relativity few faculae. Presum-
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ably, the long-lived magnetic roots of the spots extend down through the 
convective zone in sufficient numbers to inhibit the convective transport of 
heat to the surface. But if this is the case, why is the internal hydrody
namics and magnetohydrodynamics so different in the first 108 years from 
the hydrodynamics and magnetohydrodynamics after 109 years? The dif
ference seems to be qualitative. Unfortunately we understand so little of 
the physics of the internal circulation in a star, the dynamics of f!-loops, 
and the formation of sunspots that we can do nothing beyond guess work. 

Indeed, there is very little about the activity of the Sun that is estab
lished on a solid scientific foundation. For instance, the flare appears to be 
a consequence of rapid reconnect ion of oppositely directed magnetic field 
components (Sweet, 1958a,bj Parker, 1957a,b), but from there on the de
tailed particle acceleration shows endless variety. One obvious question is 
why are flares limited to about 1032 ergs on the Sun and yet reach 1035 ergs 
on some dM dwarf stars? Is it merely a matter of scaling up the size and in
tensity of the field in the dwarf? The X-ray corona of the Sun is created by 
magnetic field dissipation of about 107 ergs/ cm2sec (Withbroe and Noyes, 
1977). We suggest that the heat input arises from the dissipation of free 
magnetic field energy at the many spontaneous surfaces of discontinuity 
that form within the deformed and internally interwoven bipolar magnetic 
fields above the surface of the Sun (Parker, 1981, 1983a,bj 1994d). But it 
has yet to be established by observation of the intermixing of the fibril foot
points that the necessary interweaving of the field lines exists. It has been 
suggested (Porter and Moore, 1986; Martin, 1986) that the near coronal 
hole is heated principally by microflaring in the network fields. But it has 
not yet been shown that there is enough energy in the microflaring. On the 
other hand, there is no evident alternative. The far coronal hole, beyond 
several solar radii is conjectured to be heated by Alfven waves generated by 
the granules. But again there is no observational confirmation (d. Parker, 
1991a,b ). 

The astonishing fibril state of the magnetic field at the photosphere has 
been known for twenty five years and the causes of this peculiar state maybe 
understood to some degree (d. Spruit, 1979, Parker, 1984a) in terms of the 
convective and radiative heat transport. It has been speculated for many 
years now that the magnetic field is in a fibril state throughout the entire 
convective zone (Zwaan, 1978, 1985; Piddington, 1978: Parker, 1979a,b,c, 
1984a,b,c; Tsinganos, 1979). This idea has come into sharper focus in the 
last few years, beginning with the result from helioseismology that the prin
cipal gradient in angular velocity of the Sun is concentrated immediately 
below the bottom of the convective zone, from which one infers that the az
imuthal magnetic field lies principally in that same layer below the bottom 
of the convective zone. Recent studies of the hydrodynamics of flux bun-
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dIes of azimuthal field (Spruit and van Ballegooijen, 1982a,b; Fisher, Mc
Clymont, and Chou, 1991; D'Silva, 1993; D'Silva and Choudhuri, 1993; Fan, 
Fisher, and DeLuca, 1993; Fan, Fisher and McClymont, 1994; Schussler, et 
aI, 1994) indicate that the fibrils of azimuthal field have intensities of the 
order of 0.5 - 1.2 x 105 gauss if magnetic buoyancy, tension, and Coriolis 
force is to provide the emerging f2-loops at the observed latitudes with the 
observed modest tilt to the east-west direction. It is conjectured that the 
extreme intensity of 105 gauss may be a direct consequence of the con
tinuing formation of f2-loops by the magnetic buoyancy, and, as already 
noted, the continual emergence of successive f2-loops enhances convective 
heat transport from the bottom of the convective zone to the visible surface 
Parker (1994a,b,c). 

When one looks at the 22-year oscillatory behavior of the magnetic fields 
in the Sun, there seems to be no alternative to some form of aw-dynamo, 
except that there is a fundamental difficulty with the usual formulation 
of the theory. The problem arises from the fact that an M H D dynamo is 
intrinsically irreversible. In particular, the generation of the poloidal field 
component, expressed in terms of an azimuthal vector potential, by inter
action of cyclonic convection with the azimuthal field-the a-effect-involves 
the formation of rotated local loops of field with nonvanishing projection on 
meridional planes. It is essential that dissipation merge these loops into a 
diffuse general poloidal field, for otherwise their considerable Maxwell stress 
would untwist them and restore the initial azimuthal field. The formation 
of the poloidal field, then, is necessarily irreversible. The azimuthal field is 
formed by shearing the general poloidal field in the nonuniform rotation of 
the star, and that too must be irreversible as a consequence of diffusion if 
the field pattern is to be cyclic, as in the Sun. 

The traditional formulation of the problem calls upon turbulent diffu
sion to provide an effective resistive diffusion coefficient 7}t '" 1011 - 1012 

cm2 jsec. It is necessary that 7}t be large enough that the fields diffuse across 
a characteristic distance £ in a characteristic time T where £2 '" 47}T in or
der of magnitude. With £ '" 1010cm, representing the depth of the lower 
convective zone and T '" 5-years, the result is 7}t = 2 X 1011cm2 jsec. Mix
ing length models (d. Spriiit, 1974) of the convective zone are based on 
a characteristic eddy velocity v and eddy size A at each level suggesting 
a dimensional diffusion coefficient 7}t ~ O.lAv. A few hundred km below 
the visible surface it is estimated that v '" 0.4 km/sec with A '" 0.5 X 103 

km, for which 7}t ~ 2 X 1012 cm2/sec. At a depth of 105 km, one obtains 
v '" 3 X 103 cm/sec, A '" 3 X 109cm, and "It '" 1012 cm2/sec, etc. So as far 
as one could tell, there was sufficient diffusion. Detailed quantitative kine
matic magnetohydrodynamical dynamo models do very well in duplicating 
the observed cyclic behavior of the magnetic fields at the surface of the Sun 
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(cf. the Proceedings edited by Krause, Radler and Riidiger, 1993). 

The difficulty with these kinematical dynamo models is that observa
tions of the magnetic flux appearing at the surface of the Sun (Gaizauskis, 
et al., 1983) indicates a total azimuthal flux of at least 1023 Maxwell's in 
each hemisphere (Parker,1987), from which it follows that the mean az
imuthal field intensity is 103 gauss or more. The mixing length models 
of the convection zone of the Sun (cf. Spriiit, 1974) provide theoretical 
equipartition fields with a maximum of about 3 X 103 gauss, falling to zero 
at the top and bottom of the convective zone. The result is that the mean 
azimuthal field is not far from the equipartition field, and such fields are 
too strong to be stretched into random flux bundles of sufficiently small 
thickness f to be subject to resistive diffusion in the lower convective zone 
where TJ I"V 103 - 104 cm2/sec. 

The kinematical theory of turbulent diffusion of magnetic fields neces
sarily involves the development of random filaments of thickness f so small 
that the characteristic diffusion time f21TJ is comparable to the turnover 

1 

time Alv of the dominant eddies. The result is f = AINlt where Nm = AV/Tf 
is the magnetic Reynolds number for the eddies. The reduction in thickness 
f comes about because the eddies breakup the initial mean field B on the 
scale A. The length of each bundle increases exponentially with time, more 
or less as exp( vt I A) because of the local elongation rate v I A all along the 
bundle. The bundle is drawn out into a coiled ribbon with a width that re
mains of the same order as A while the thickness f ~ Aexp( -vtl A) in order 
to conserve volume. The cross sectional area of the bundle declines approx
imately as exp( -vtl A), and conservation of magnetic flux in the bundle 
means a field larger than the mean field by the factor exp( vt I A) = A I f = 

1 

NJ". 
Appealing to rapid reconnect ion between neighboring filaments leads to 

1 

a smaller factor, wi.th A/f = N~ (Parker, 1963, 1979d). But the difficulty 
is evident in either case. The magnetic Reynolds number N L is of the order 

1 

of 109 at the midlevel of the convective zone so that NL = 3 x 104 and 
1 

N[I"V 103 . But the mean field is already comparable to the equipartition 
field and the Reynolds stresses could not possibly force the stretching of 
filaments of the desired small thickness and large field intensity. 

The problem is discussed at some length in the literature (Parker, 1993, 
1994a,e) where it pointed out that recent results of helioseismology, that 
the nonuniform rotation of the Sun is concentrated in a relatively thin layer 
(thickness I"V 3 x 109 cm) below the bottom of the convective zone, may 
relieve the problem to some degree. The point is that the azimuthal field 
would be generated in the shear layer below the convective zone, leaving 
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the convective zone relatively clear (f'V 102 gauss) for the formation of the 
weak (10 gauss) poloidal field by the cyclonic convection. This does not 
entirely solve the problem, because it still calls for small-scale fields greatly 
in excess of the equipartition field. 

Therefore we have taken up the possibility that the field is everywhere 
in a fibril form (Parker, 1982) pointing out that the interdiffusion of two 
nonparallel fibril fields is then merely a matter of rapid reconnect ion across 
the fibril diameters 8. As noted above, there is reason to think that the 
azimuthal fibrils are 105 gauss with a filling factor of the order of 3 X 10-2 , 

providing a mean of 3 X 103 gauss over the shear layer below the convec
tive zone. The individual azimuthal fibrils below the convective zone move 
with the general flow, occasionally forming buoyant Q-Ioops that extend 
upward through the convective zone to the surface. The small scales nec
essary for dissipation of opposite azimuthal fields during each ll-year half 
cycle are provided by the dynamics of the reconnection of interacting fib
rils, of course, so that there is not the extensive stretching and mixing of 
ever more intense and thinner ribbons of field that is part of the traditional 
picture of kinematical turbulence. 

The upward extension of Q-Ioops to form the active regions observed at 
the surface does not stifle the formation of a mean poloidal field of 10 gauss 
or so over a significant fraction of the volume. It appears that the solar 
aw-dynamo becomes plausible on this basis. A crude model was developed 
by Vainshtein, Parker, and Rosner (1993) to illustrate how the fibril dy
namo might operate. Vishniac (1995) carries the ideas on the dynamics of 
magnetic fibrils into much greater detail. 

The point of this sojourn in the realm of dynamo theory is to provide an 
illustration of the depth of the qualitative and quantitative uncertainty in 
our understanding of the magnetic activity cycle of the Sun. We really are 
only guessing at the origins of what is observed at the surface. Therefore, 
our ideas on the nature of the activity on solar-type stars, and particularly 
stars that are not close in age, mass, and composition to the Sun, can not 
go much beyond a phenomenological description of the quirks observed in 
the spectrum of their integrated light. 

This statement is not a cry of despair. It is a challenge - a call to arms. 
Because there are observations to be made and theory to be explored that 
can greatly advance our understanding of the physics of a star and help 
us to understand the variations of the Sun that have such impact on our 
terrestrial climate. This is the vital phase of solar physics! 
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2. The Task Ahead 

First of all we need to define the uncertainties in the conventional retinue 
of explanations. Then we need to sort out those uncertainties that may 
reasonably be expected to yield to a determined observational and the
oretical assault. On the observational side there are several fundamental 
studies that need to be carried out to determine the path for theoretical 
development. With the advent of the GONG observing system there is 
the hope that in some way helioseismology can detect some of the effects 
of subsurface magnetic fields and subsurface flows, providing guidance for 
theoretical inquiry. The fundamental step is a solar "microscope" to resolve 
the individual magnetic fibrils, estimated to have diameters of the order to 
100 km. The solar microscope would consist of a diffraction limited 120 
cm mirror, achieving a resolution of 0.1", or 75 km at the Sun. Ideally the 
optical microscope would be operated with co-aligned UV and X-ray tele
scopes mounted on the same orbiting platform and operated over the years 
of both minimum and maximum solar activity. However several flights of a 
balloon borne optical system complemented by appropriately coordinated 
UV and X-ray observations from sounding rockets would be a giant step 
forward at a fraction the cost of the orbiting system. For we must not lose 
sight of the fact that there are several fundamental issues that cannot be 
settled without direct information on the internal structure of the individ
ual fibril, the rate of intermixing of the fibrils, the details of the activity 
of fibrils in the network regions, the fine-scale structure of the mysterious 
facula and plage, the fine-scale structure of sunspots, etc. to mention the 
more outstanding mysteries of the moment. Then we may be sure that the 
solar microscope will open up a new world of hitherto unknown phenom
ena that currently lie outside our realization. What will be seen in the fine 
structure of flares, prominences, spicules, photospheric wave motions. And 
what is the cause of the facula? Until we know the nature of the faculae, 
it will not be possible to determine from what depth below the surface it 
picks up its energy, which is important if we wish to work out the physics 
of the brightness variations of the Sun. 

The solar microscope was proposed over twenty years ago. It is well 
within technical capability but does not fit into the political agenda of the 
space agency. So the solar microscope has been stalled for two decades and 
a couple of years ago was openly rejected by NASA as either an orbiting 
observatory or as the much less expensive balloon-borne observatory. The 
solar microscope is the next fundamental step in probing the many mys
teries of the Sun. The Sun is the most mysterious star in the sky, for the 
simple reason that we resolve the solar disk in the telescope. Other stars 
are just as complicated but their mysteries are not conspicuous. One might 
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wonder why other stars emit X-rays, and 10 year cycles of activity. But 
there is not much that can be learned of the physics of the activity cycles 
and the X-ray emission by studying the distant stars alone. The Sun is the 
key, and unfortunately many essential aspects of the activity of the Sun 
are on such small-scales that a special solar microscope above the terres
trial atmosphere is needed to study them. But there is no reason why that 
fascinating project cannot be undertaken immediately. Until the solar mi
croscope is put into operation the physics of the surface activity remains 
guess work, from which it is not possible to determine the nature of the 
activity that is so manipulative of terrestrial climate. Nor is it possible to 
say much about the causes of the activity on other solitary stars. 

In the absence of the microscope, the obvious theoretical tasks are the 
development of the dynamics of fibril magnetic fields. First of all, why is 
the field in a fibril state in the first place? Evidently the convection in the 
interstices remains relatively field-free because it continually turns over. It 
sees the magnetic fields as continually circling the boundaries of the field
free region and not penetrating more than the appropriate skin-depth into 
the convection. Second, what is the rate at which the individual fibrils 
reconnect with other fibrils with different orientation? Unfortunately the 
answer to this question depends upon the unknown detailed structure of the 
fibrils. Then is it possible to summarize the dynamics of a fibril field with 
mean-field equations? Can one really construct a self-consistent theoretical 
solar dynamo based on sound physical principles? What is the large-scale 
hydrodynamics of the convective zone? How far can one go to construct a 
deductive theoretical model of the rotating stratified convective zone, with 
a minimum of arbitrary parametrization? Can such a model account for the 
Maunder Minimum (17th century) or the protracted Medieval Maximum 
(12th and 13th centuries)? Can we understand, then, why the brightness 
of a young star varies inversely with the magnetic activity and late in 
life varies directly? These are some of the obvious general questions that 
should one day be answered if we are to understand the solar manipulation 
of the terrestrial climate and if we are to have more than a superficial 
understanding of the star phenomenon in general. 
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The continuous coronal spectrum is created by Thomson scattering 
of the photospheric radiation by free electrons in the corona. Because 
of the large thermal motions of the coronal electrons, most absorp
tion features in the photospheric spectrum are washed out to form 
the nearly continuous spectrum of the K-corona. However, weak de
pressions are still expected in the K-corona spectrum at wavelengths 
where the strong absorption lines are concentrated in the photospheric 
spectrum, i.e. rv 3900A including the Call lines and the G band at rv 
4300A (Cram 1976). The shape of the continuous coronal spectrum, 
therefore, can offer a direct measure of the coronal electron tempera-
ture. . 

A spectroscopic observation was carried out at the total solar eclipse 
on 3rd Nov.1994 in Putre, Chile. Spectral images covering the wave
length range of 3500A rv4720A were obtained for 3 different locations 
of the slit; two heights in the eastern large streamer and the south
ern coronal hole. After subtraction of the F and E-components from 
the spectra and correction of the wavelength-dependent detector sen-
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sitivity, the obtained continuous coronal spectra are compared with 
the theoretical curves of the electron-scattering coronal spectra. The 
best fitting between the observed and the calculated curves gives the 
electron temperature at each location on the slit. 

The results are summarized as following; 

- Electron temperature (Te) of the eastern streamer is estimated to 
be about 1. 7-2.0 MK with the symmetric coronal model. If we take 
the direction of the streamer extension into account (150 behind 
the limb), the estimated temperature is reduced to ",,1.6 MK. 

- A variation of the electron temperature with height is not found 
in the streamer between LIRe;) and 2.0Re;) within the error of the 
measurment. 

- The base of the southern coronal hole obviously shows a lower 
temperature (0.9-1.1 MK) than the coronal streamer. 

- Though Te in the coronal hole shows a rapid increase with height, 
this can be partly attributed to the scattered light from the sky. 

We also tried to deduce a possible accelelation of the outward flow 
in the corona from the overall wavelength shift of the coutinuous spec
tra. A hint of an velocity difference (acceleration) by ",,76km/s was 
found between LIRe;) and 2.0 Re;) in the streamer. 

The method for diagnosing the coronal electron temperature from 
the shape of the continuous spectra is superior to various techniques so 
far used for measuring the coronal electron temperature in the senses 
followings; 1) fewer assumptions are required to derive the temperature 
because the spectral shape contains direct information on the electron 
thermal motions; the only critical assumption is the geometry of the 
coronal structure; 2) we may also study the temperature distribution 
in the extended corona (up to R 2: 2Re;)); 3) only a simple instrument 
is required to achieve the measurement. The continuous coronal spec
tra also offer a possibility for measuring the outflow velocity at the 
acceleration region of the solar wind though fairly accurate correction 
of stray light and instrumental sensitivity are required. 
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We report on our observations of the 3 November 1994 solar eclipse 
from the North Chile altiplano, using the Solar System Division CCD 
and transportable telescope experiment, as well as 4 imaging experiments. 
Spectrophotometry of the quiet corona, prominences and polar plumes was 
successfully achieved. A summary of scientific results on magnetic coronal 
structures, coronal densities and temperatures is presented. 

1. Eclipse Campaign Objectives and Operations 

Before permanent coronographic and UV observations with SORa and 
other future solar missions, the 3 November 1994 total solar eclipse was 
the last good opportunity of the century to observe the solar corona from 
the ground. The objectives of this campaign were to obtain information 
on magnetic coronal structures, and on temperature and density coronal 
diagnostics, as well as preparation for the SORa data analysis. We operated 
our instruments from the base of Putre at 3500 m (Foing et al 1995, 1996): 

- a Photometries CCD camera, with an MPP 1284x1024 pixel CCD chip, 
operating safely under the ambient conditions. The camera was adapted to 
a portable 25 cm Meade telescope with automatic pointing. This experiment 
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was used with an objective grating, providing simultaneously (in the zero 
order) images of the inner and middle corona, and (in the first order) spectra 
of the inner corona and prominences at the limb. 

- a camera attached to a Celestron 5 (12 cm, f/10) recorded photographic 
images of the inner corona with different exposure times 

- a photographic 6x6 Hasselblad camera with 300 mm focal lens was 
used for imaging the middle and outer corona 

In collaboration with the Eclipse 6000 expedition team, we obtained 
the highest solar eclipse images (at 5300m) with a Cassegrain 500 mm f/8 
catadioptric telescope and a 6x6 camera with a 280 mm lens. Finally, at 
the very summit of the Parinacota volcano (6300m), the Moon shadow 
running along the eclipse path, and the light scattered from the horizon 
out of totality could be observed. 

2. Results on Coronal Magnetic structures and temperature 

We summarise some scientific results from the analysis of these data. The 
photographic data have been digitised, as well as calibration steps measured 
on the same film. The digitised images allowed the delineation of a number 
of fine plumes over the poles, and equatorial streamers. A grid of isophotes 
was obtained allowing us to find the radial gradient of intensity around the 
corona to be different for polar and equatorial structures. The geometry of 
related magnetic structures was determined, and it was found that some 
extended streamers depart significantly from radial orientation. 

The CCD data had much higher dynamic range and signal-to-noise. 
High-pass filtering allowed us to trace numerous fine polar plumes, and to 
show a mixture of complex closed loops over the equatorial regions. The 
scattered light (about 10 per cent at limb) could be corrected accurately. 
The intensity ratio between equator and coronal holes ranges from 7 to 11, 
giving the ratio of electronic densities. An intensity scale height of 90 Mm 
was measured leading to an equivalent hydrostatic temperature of 1.8 106 

K at the base ofthe equatorial corona (Henrich 1995). 
High-resolution images of prominences in white light (tracing the den

sity) and in lines of Ca II, He I and Balmer, show different fine structures 
due to optical thickness and NLTE multidimensional transfer effects. 

Extended results will be published elsewhere (Foing et al 1996). 
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During the interval 3-15 May 1992, an extended region of diffuse, stable 
corona crossed the north-east limb of the Sun. During this passage, the soft X-ray 
telescope on Yohkoh obtained a number of high-quality pairs of images, closely spaced 
in time, through the two thinnest analysis filters. Our first step was to average the 
measurements at each radial position over an azimuthal sector about 25 degrees wide. 
These averaged measurements were represented, at each radial position, by an emission 
measure and a temperature (derived from the ratio of the signals from the two filters). 

We found that the emission measure, so determined, was a good fit to a 

spherically symmetric isothermal model with a temperature of 106.2 K. However the 
temperature, so determined, was found to be far from isothermal. The temperature 
profile is a good fit to the trend that one would expect for conserved inward radial heat 
flux in a spherically symmetric atmosphere, if the heat flux at the surface is about 105.6 

erg cm-2 sec-I. 
Since it is clearly unacceptable to adopt an isothermal model, we have 

considered a barometric spherically symmetric atmosphere with conserved inward heat 
flux. We have compared this model with the observational data in the following way. 
We first assume that the region is effectively spherically symmetric, and use the Abel 
integral transform to estimate the temperature and density as functions of radius. We 
then compare these functions with the forms that are to be expected on the basis of a 
barometric atmosphere with inward heat flow. We find that the best least-squares fit is 
obtained for the following values of the temperature To, heat flux FO and density nO at 

the base of the model: TO= 106.08 K, FO = 105.62 erg cm-2 s- l , nO = 108.85 cm-3. 

The downward coronal heat flux will be converted into radiation in the low 
transition region and upper chromosphere. Moore and Fung (1972) showed that this 
equivalence leads to a relationship between the downward heat flux and the pressure in 
the transition region. Their theory leads us to expect that, for a heat flux of 105.62 erg 
cm-2 S'l and a temperature of 106.08 K at the base of the corona, the electron density 
should be 108.87 cm-3, in good agreement with the value derived from our analysis of 
the observational data. 

Although we have adopted a spherically symmetric model in this analysis, it 
should be emphasized that the region under discussion is not a coronal hole: it appears 
to be composed of loops that extend to quite large radii. It appears that below x = 1.5, 
where x = rl Ro ' the atmosphere is approximately spherically symmetric. More 

important, it appears from our analysis that, for this case, non thermal heating occurs 
primarily outside the radius x = 1.5, with little direct nonthermal heating below x = 1.5. 
The legs of the loops are heated primarily by heat flux originating in or near the tops of 
the loops. 
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If analysis of other regions shows that this is a general result, that nonthennal 
energy deposition in a coronal loop is typically localized close to the top of the loop, 
this fact may be a useful discrimator between the two main theories of coronal heating: 
(a) that coronal heating is a steady process, due to wave propagation and dissipation, 
and (b) that coronal heating is an episodic process, probably due to flare-like energy 
release. (For a recent review of coronal heating see, for instance, U1mschneider, Priest 
and Rosner 1991). It will be necessary to determine, for each case (steady heating or 
episodic heating), whether or not the process will deposit energy preferentially near the 
tops of coronal loops. 

This work was supported by NASA grants NAS 8-37334 and NAGW-2265, 
and by Air Force grant F49620-95-1-0008. 
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TEMPERATURE STRUCTURE OF THE DIFFUSE CORONA 

C. R. FOLEY ANDJ.L.CULHANE 
Mullard Space Science Laboratory, University College London, 
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J. R. LEMEN 
Lockheed Palo Alto Research Laboratory, Palo Alto, CA 94304, 
US 

Yohkoh has observed diffuse emission from different regions of the Corone 
These large diffuse regions are observed with Yohkoh to extend up to 0.8 
solar radii above the limb. Although partial loop structures can sometimes 
be discerned, systematic structures such as streamers or active region loops 
are not observed. Carefully de-scattered, (Hara et al., 1978), Soft X-ray 
Telescope (SXT) images recorded though the thin X-ray analysis filters, 
A11265 and AIMgMn, have been used to obtain the averaged radial tem
perature and emission measure structure for the diffuse regions. The tem
perature is observed to increase, from I"V1.SMK to 1"V2.4MK for an extended 
diffuse observation made on the 26th August 1992, figure 1. This is typi
cal of other observations made on the 3rdOctober 1992, and the SthMa) 
1992, which similarly poss~ss radially increasing temperatures. Small dif
ferences are noted between the observations, which may be accounted fo: 
in terms of the orientation of the structures to the Line of Sight, LS, whicl 
is modulated by the solar rotation. 

The results are found to be similar for observations of regions with an( 
without discern-able structure, which is taken as evidence for the close( 
field nature of the diffuse corona as observed by Yohkoh SXT. The mag 
netograms and Ha data for all observations are consistent with all th 
observations being of closed field regions. The response of the SXT for im 
ages recorded through the thin x-ray analysis filters peaks in the region of 
MK, where the signal is I"V 300x that which would be recorded at 1MK. Th 
corresponding response at 2MK is approximately 100 x. This has the cor 
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Figure 1. (a) The 26th August 1992 observation with the region of interest bounded. 
(b) The average radial LS temperature structure of region. 

sequence that the higher tempera.ture components located in the fore and 
background parts of the region in the LS dominate the signal of the cooler 
plasma, located at lower heliocentric heights above the limb. This results 
in a radial LS temperature profile which originates from higher tempera
tures and is thus shallower. Modelling of limb brightening observations may 
be used to demonstrate the heliocentric radial temperature dependence as 
opposed to the LS radial temperature dependence (work in progress). 

The EUV observations made with the ATM on Skylab which had a peak 
sensitivity in the region of 1MK, yielded radial temperature characteristics 
consistent with the results discussed here when the differences in the in
strument responses are considered. The results of those observations were 
found to be well represented by a static closed field model of RTV origin, 
(Withbroe, 1988), (Rosner et ai., 1978). Sturrock et ai., 1996, extracts the 
inward heat flux, for a diffuse observation, and interprets the result with 
respect to coronal heating. 

Recent comparisons of the extended diffuse regions included within this 
study, with the Mauna Loa solar observatories MK3 Coronameter data 
have demonstrated that the diffuse regions are often associated with the 
base region of streamers. A letter is in the final stages of preparation for 
the Astrophysical Journal regarding this work. 
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MEASUREMENTS OF ACTIVE AND QUIET SUN CORONAL 

PLASMA PROPERTIES WITH SERTS EUV SPECTRA 
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The Solar EUV Rocket Telescope and Spectrograph (SERTS) obtained 
spectra and images of active regions, quiet Sun areas, and other solar fea
tures during successful flights in 1989, 1991, 1993, and 1995. The availability 
of multiple emission lines from eight ionization stages of iron (1) furnishes 
line ratio temperature diagnostic tools which are independent of elemental 
abundance uncertainties, (2) enables verification of the instrumental pho
tometric calibration and atomic physics parameters through density- and 
temperature-insensitive ratios, (3) provides a means of deriving plasma den
sities, and (4) supplies input for DEM analyses. Temperatures derived from 
seven different line ratios are shown in Figure 1. For ratios among the higher 
ionization stages of iron, the derived active region temperature is greater 
than that of the quiet Sun; for ratios among the lower ionization stages, 
the active region and quiet Sun temperatures converge. Differential emis
sion measure distributions were derived using the procedure developed by 
Monsignori-Fossi & Landini for SOHO. An active region DEM is shown in 
Fig 2. Details are provided in a paper submitted to Astrophysical Journal. 
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Figure 1. Temperatures derived from line intensity ratios for NOAA region 6615 (1991; 
triangles) and for quiet Sun areas (1993; squares). The x-axis gives the ionization stages 
of the two iron lines used for each ratio, and the y-axis gives log T. Error bars include 
uncertainties in the intensity measurements and in the plasma density. Temperatures 
derived from ratios involving only Fe X - Fe XIII have been displaced from each other 
horizontally to improve clarity. 
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Figure 2. NOAA region 6615 differential emission measure distribution, in cm-5 K-1 . 

The curve was derived by fitting available lines of Fe, Ne, Mg, Si, AI, and Ni. Differ
ent symbols designate different elements. The x-coordinate of each symbol indicates the 
temperature of the maximum contribution to the line emission; the y-coordinate is the 
product of the DEM and the ratio of the observed to the predicted intensities. Error bars 
represent uncertainties attributed to intensity measurement only. The largest uncertain
ties in the DEM curve occur where the fewest emission lines are available. 



CALCULATIONS OF SOFT X-RAY IMAGES FROM MHD 
SIMULATIONS OF HEATING OF CORONAL LOOPS 

A.J.e. BELIEN, S. POEDTS AND J.P. GOEDBLOED 
FOM-Institute for Plasma Physics iRijnhuizen', 
P. O. Box 1207, 3430 BE Nieuwegein, The Netherlands 

Spatial and time resolutions of soft X-ray cameras have reached the arc
sec and second ranges [1, 2], respectively. With these resolutions, in princi
ple it should be possible to do magnetohydrodynamics (MHD) spectroscopy 
[3], i. e. reconstruction of the basic features of the loop from measured MHD 
frequencies. This can provide a link between observations and theoretical 
simulations. This paper is devoted to linking computer simulations with soft 
X-ray observations by comparing features on the image level. This provides 
another means of linking observations and simulations. 

To determine the soft X-ray intensities observed by the SXT aboard 
Yohkoh, we calculated fooo n~(z)F(T(z))dz for each image pixel. F is the 
thermal response function of SXT for a specific filter. The electron density, 
ne, and temperature, T, are obtained from the MHD calculations. 

Extensive nonlinear evolution simulations of resonant absorption in so
lar coronal loops have been carried out [4]. The associated simulated images 
of soft X-rays intensities, as would be observed by SXT through the ALl 
filter, are shown in the series of snapshots of Figure 1. The development 
of a resonant layer, its nonlinear broadening, and the heating of the loop 
are easily seen in the simulated SXT images. This proves that resonant 
absorption can be seen in soft X-ray images. However, we have not yet 
found SXT loop observations that closely resemble the simulated ones for 
resonant absorption. This does not rule out resonant absorption as a pos
sible means of heating coronal loops, but probably, it indicates that the 
theoretical model is too restrictive. Calculations of resonant absorption, for 
example, are mainly done for monoperiodic excitation, while it is known 
that a range of frequencies is available for excitation. Therefore, excitation 
with a range of frequencies and its implications on SXT observations is 
currently being investigated. 

Another promising aspect of the creation of series of SXT images for 
a large set of parameter values is that it indicates the dependence of SXT 
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Figure 1. Four simulated Al.1 SXT snapshots showing the evolution of a coronal loop 
that is heated by means of resonant absorption of Alfven waves. 

images on the parameters. This knowledge might be used to estimate the 
corresponding parameters attached to a real observation in soft X-rays, 
premised that the observation under consideration share common charac
teristics of the underlying theoretical model, for example, resonant layers. 
Moreover, we have shown that the estimation can be automated using image 
processing tools [5]. This is, then, another way of doing MHD spectroscopy: 
reconstruction is based on image information instead of frequencies. 

It is our opinion that the creation of the X-ray images is a valuable tool 
which can also be used to visualize other heating scenarios. Ultimately, this 
may lead to a choice or rejection of particular scenarios based on the real 
observations and the simulated observations. 
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2D AND 3D NONLINEAR MHD SIMULATIONS OF 

CORONAL LOOP HEATING BY ALFVEN WAVES 

S. POEDTS AND J.P. GOEDBLOED 

FOM-Institute for Plasmaphysics 'Rijnhuizen' 
P. O.Box 1207, 3430 BE Nieuwegein, The Netherlands 

The resonant absorption of Alfven waves provides a mechanism to trans
fer energy from large to very small length scales at which it can be ther
malized on relatively short time scales. The role this mechanism might 
play in the heating of the magnetic loops observed in the solar corona has 
been studied extensively in the context of linear magnetohydrodynamics 
(MHD) (see [1] and references therein). However, due to the extremely 
high (magnetic) Reynolds numbers in the hot coronal plasmas, the linear 
approximation is directly challenged by the results of these studies and, 
in particular, by the development of large amplitude fields in the resonant 
layers. Here, the nonlinear temporal evolution of externally excited coronal 
loops is simulated numerically in 2D and 3D dissipative MHD. Both side
ways excitation by incident magnetosonic waves and footpoint excitation 
by photospheric convective motions are considered. It turns out that the 
dynamics in the resonant layers is dominated by nonlinear effects. 

First, consider a cylindrical, axisymmetric (2D) coronal loop model with 
a homogeneous longitudinal magnetic field, a radially stratified density and 
driven periodically at one end and fixed at the other end, modelling the driv
ing by overshooting convection on the one hand and the field line anchoring 
('line-tying') in the dense photosphere on the other hand. The generated 
torsional Alfven wave is reflected at the line-tied boundary resulting in a 
standing Alfven wave which phase-mixes and which develops a resonant be
haviour at those flux surfaces where the local Alfven frequency matches the 
frequency of the external driver. In these layers, the dynamics is nonlinear 
and the driven system does not evolve to a steady state in contrast to linear 
MHD simulations. The nonlinear simulations show much broader resonant 
layers and the heating turns out to be very efficient with high absorption 
coefficients (> 90%) and coupling factors and acceptable time scales (much 
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Figure 1. Snapshots of the z-component of the vorticity for a nonlinear continuation of 
a linear run after 80 driving periods (when a steady state is reached). 

shorter than the life time of the loops). Moreover, the footpoint excitation 
does not require the presence of global modes to be efficient [2]. 

Extending the model to a 3D cylinder with a helical field reveals more 
nonlinear effects. Simulations of the resonant absorption of side-ways inci
dent waves show again the development of resonant layers. However, the 
system makes use of the additional degree of freedom in the third (az
imuthal) spatial direction. The background fields, and thus the resonance 
positions, vary in time and substantial nonlinear mode coupling transfers 
energy to 'overtones' with smaller wavelengths. For large enough amplitudes 
and large enough magnetic Reynolds numbers the gradients in the resonant 
layers become so high that the shear flow becomes Kelvin-Helmholtz unsta
ble. As a result, even smaller length scales are developed and the resonant 
layers are deformed substantially so that the heat is deposited over the 
entire loop volume rather than in narrow resonance layers (see Fig. 1). 

The nonlinear dynamics of the periodically varying shear flows that oc
cur in the resonant layers is much more complex than predicted by linear 
MHD simulations. As a matter of fact, in nonlinear MHD the background is 
allowed to vary in response to the heat deposition and nonlinear mode cou
pling occurs. Moreover, for large enough driving amplitudes and magnetic 
Reynolds numbers, the shear flows in the resonant layers become Kelvin
Helholtz unstable. The effect of this instability on the heating efficiency is 
yet to be quantified under typical coronal loop circumstances. 
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GENERATION OF LINEAR AND NONLINEAR MAGNETIC 

TUBE WAVES IN THE SOLAR ATMOSPHERE 
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Abstract. The fact that solar magnetic fields outside sunspots have a "flux 
tube" structure has been-well known for a number of years. These magnetic 
flux tubes may become "windows" through which the wave energy gener
ated in the solar convective zone is carried by various types of waves to 
the overlying chromosphere and corona. From a theoretical point of view 
it is important to incorporate these highly intermittent spatial magnetic 
structures into the theory of wave generation. The first calculations of this 
sort have been reported by Musielak, Rosner and Ulmschneider (1989) who 
developed a general theory describing the interaction of magnetic flux tubes 
with the turbulent convection. Recently, this theory has been modified to 
incorporate an improved description of the spatial and temporal spectrum 
of the turbulent convection and used to calculate wave energy fluxes car
ried by linear longitudinal (Musielak et ai. 1995a) and linear transverse 
(Musielak et at. 1995b) magnetic tube waves in the solar atmosphere (see 
Table 1). 

The described treatment of the generation of magnetic tube waves is 
purely analytical which means that it is restricted to linear waves. Some 
numerical simulations (e.g., Malagoli, Cattaneo and Brummell 1990) and 
recent solar observations (e.g., Muller et ai. 1994) suggest that nonlinear 
effects are important in the generation of these waves. We have recently 
adopted a I-D, time-dependent, MHD code originally developed by Ulm
schneider, Zahringer and Musielak (1991) to study the excitation of non
linear transverse (Huang, Musielak and Ulmschneider 1995) and nonlinear 
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longitudinal (Ulmschneider and Musielak 1995) magnetic tube waves and 
found a significant increase in the wave energy fluxes carried by these waves 
(see Table 1). In light ofthese results, the magnetic wave energy fluxes cal
culated by using the analytical methods must be regarded as only lower 
bounds on the magnetic wave generation. 

It is the purpose of this paper to find out whether the wave energy 
fluxes generated by turbulent motions in the solar convection zone are suf
ficient to sustain the mean level of radiative losses observed from active 
regions in the solar chromosphere (i.e. the chromospheric network) where 
the enhanced heating is observed. Taking the total radiative losses from the 
chromospheric network to be 1 X 107 erg/ cm2s and the filling factor to be 
0.2, it is seen from Table 1 that magnetic flux tubes might be candidates 
for the heating in magnetically active regions of the solar chromosphere. 
Note, however, that in order to make this estimate more realistic energy 
losses due to the wave propagation must also be accounted for. 

TABLE 1. Total wave energy fluxes carried by magnetic tube 
waves in the solar atmosphere 

Type of Waves Magnetic Field [G] Flux [erg/cm2s] 

Linear longitudinal 1500 1 x 107 

Linear transverse 1500 8 x 107 

Nonlinear longitudinal 1500 5 x 108 

Nonlinear transverse 1500 1 x 109 

Linear longitudinal 1000 3 x 108 

Linear transverse 1000 7 x 108 

Nonlinear longitudinal 1000 5 x 108 

Nonlinear transverse 1000 1 x 109 
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MAGNETIC ROOTS OF ENHANCED HIGH CORONAL LOOPS 
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We report results from an extension of a previous investigation of the 
magnetic roots of high-arching bright coronal loops (Porter et al 1994, in 
Proceedings of Kofu Symposium "New Look at the Sun," ed. S. Enome, 
NRO Report No. 360, p. 65). In the previous work, the magnetic locations 
and magnetic structure of the brightest coronal features in a selected active 
region were determined by registering Yohkoh SXT images with a MSFC 
vector magnetogram via registration of the sunspots. The active region 
(AR 6982 on 26 Dec 91) was selected for study because it had a large delta 
sunspot with a core of strong magnetic shear along the polarity inversion; it 
was expected that such extemely nonpotential magnetic fields would foster 
exceptionally strong coronal heating and hence be exceptionally bright in 
coronal images. It was found that the coronal heating in this active region 
indeed was markedly more intense in the low-lying sheared core field than 
in the bulk of the field that arched over the sheared core and spanned the 
whole bipolar region. In addition, the coronal images showed something 
that was not anticipated in the selection of this region: a section of the 
high-arching envelope field was much brighter than the rest, showing that 
it received much more coronal heating than the rest of the envelope field. 
These enhanced high coronal loops stemmed from around an embedded is
land of opposite-polarity flux that was the site of microflaring and enhanced 
coronal heating. It was therefore surmised that the high bright loops some
how received their enhanced coronal heating from this foot-point activity. 
In the present work, by registering a full-disk Kitt Peak magnetogram with 
full-disk Yohkoh SXT images, we have found many more examples of large 
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enhanced coronal loops having one foot rooted at a site of mixed polarity 
within an active region. The figure shows part of a Yohkoh SXT full disk 
image taken at 19:45 UT on Dec 26, 1991 (a composite of a 78 ms and a 
2668 ms exposure). AR 6982 is on the right and AR 6985 is on the left. Nine 
large loops (1-9) and 3 bright "source" areas (A-C) are identified. Note how 
each of the extended loops has one (narrow) end rooted near a source area: 
loops 1-6 stem from near source A, loop 7 from near source B, and loops 
8 and 9 from near source C. The white/black contours superposed on the 
figure correspond to field strengths of + / - 150 G in the Kitt Peak magne
togram taken at 16:08 UT. It can be seen that sources A, B, and C mark 
islands of included magnetic polarity. The extended loops' narrow ends are 
rooted in the dominant polarity surrounding these islands. The remote ends 
of loops 1 and 2 lie within the same active region as the source ends. For 
the other loops, the remote ends fan out in weak-field regions of opposing 
polarity. Rapid cadence partial frame observations (Porter et al1994) show 
frequent microfiaring at source A. Less-frequent full disk images suggest 
that sources B and C are sites of similar behavior. These additional exam
ples serve as further evidence that the enhanced coronal heating in large 
bright coronal loops is a consequence of microfiaring and/or related activity 
in mixed-polarity fields at one of the loop footpoints. 



DYNAMIC BEHAVIOR OF THE CORONAL STREAMER BELT 
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Extended Abstract 

In addition to its solar cycle evolution, the coronal streamer belt that lies 
at the base of the heliospheric current sheet sometimes undergoes drastic 
changes in its configuration. What causes drastic changes of the global 
structure? 

We first examine the effect of the f'V 22 UT, 3 November 1994 coronal 
mass ejection (CME) that originated above the southwestern limb in a 
helmet streamer that was a part of the coronal streamer belt. The Yohkoh 
Soft X-ray and MLSO/HAO white-light solar images observed near the 
time of the 3 November 1994 solar eclipse and one day, 13 days and 27 days 
after the CME suggest that the helmet streamer disrupted by the CME 
reforms in a time interval of 12 hours. 

We search for the effect of helmet-streamer CMEs on the global struc
ture of the coronal streamer belt using SMM coronagraph data in 1985. The 
location of the streamer belt is calculated using the WSO synoptic magnetic 
field and the source surface model. Figure 1 indicates that helmet-streamer 
CMEs generally do not significantly change the overall configuration of the 
belt. 

Using ISEE-3 data we identify the temporal and local effect of CMEs on 
the internal structure of the heliospheric current sheet or coronal streamer 
belt. Counterstreaming halo electron events are believed to be the manifes
tation of the helical CME fields and are one of the most reliable indicators 
of CMEs in interplanetary space. The variations of the IMF azimuthal an
gle during the passage of CMEs suggest that CMEs often alter the internal 
structure and increase the thickness of the coronal streamer belt only tem
porarily and locally (For the details see the fuller paper accepted by J. 
Geophys. Res. in 1995). 

Over scales of the order of a solar radius, the corona is controlled by a 
competition between the tendency of the million degree corona to expand 
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into the solar wind and the opposing tendency of bipolar magnetic fields 
in a highly conducting plasma to seek a closed configuration and resist the 
solar-wind flow. Depending on the balance the equilibrium corona has two 
distinct states, typified by the coronal holes and the arcades of helmet
streamers separating these holes. Drastic changes of the global structure 
may be caused by the physical processes that produce new coronal holes . 
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Fig. 1 The effect of blowout-CMEs (large open circles) and disruption
CMEs on the heliospheric current sheet (thick lines). The '+' and '-' sym
bols denote observed daily-averaged outward and inward IMF polarity. The 
filled circles denote the foot points of open field lines ( coronal holes). 
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Solar activity is associated with the appearance, temporal evolution and 
spatial modifications of the magnetic field at the solar surface and with its 
interactions with plasma mass flows. 

If all the various manifestations of solar activity can be attributed to 
the same basic physical mechanism (viz., the currently fashionable magnetic 
reconnection), the study of the small spatial scale and short time-constant 
phenomena will be particularly valuable for a better understanding of the 
physical processes since hopefully only the basic mechanisms will be at 
work. 

In this context minor transient activity phenomena (as Ellerman bombs 
(EB), persistent bright points, microflares, etc.) represent very interesting 
targets to be investigated for their importance in clarifying the basic mech
anisms for energy storage, release and transfer occurring in an apparently 
simple structure. 
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During an international coordinated observing campaign in Sept.-Oct., 
1992 we got simultaneous observations of minor activity phenomena with 
the PFI (partial frame image) mode of YOHKOH soft X-ray telescope and 
the ground-based (GBO) facilities of the National Solar Observatory (both 
Sacramento Peak and Kitt Peak sites). The overlay accuracy between the 
various GBO images is of the order of ± 0.45". The co-alignment with the 
soft X-ray (SXR) data has been obtained with an accuracy of ± 1". 

On Oct. 05, 1992 we observed an EB from its build-up up to the decay 
phase. In the following we summarize the main results of our analysis. 

- In our observations we found spectral signatures of the EB in radiations 
originated in the chromosphere (H, -+ Hg and Si I - 3905 lines; Ha + 
1.5 A and Na - D2 0.0). 

- The EB has a size of about 3" and occurs just above the photospheric 
magnetic neutral line. 

- We obtained the light curves of the EB Ha + 1.5 A emission (time 
resolution 2.7 s) and Na-D2 - 0.0 emission (time resolution 30 s). The 
maximum contrast is 1.13 of the average nearby quiet intensity. The 
total lifetime is estimated about 11.5 min. and intensity variations 
occur on a typical time scale of about one minute. 

- The asymmetry of the line emission profiles in the center of the EB area 
indicates the presence of a line-of-sight velocity field, which changes 
from upwards (::::: -4.0 km/s) at the onset to downwards later on (::::: 
+1.5 km/s 2.5 min. after the onset and around +5.0 km/s near the 
time of maximum emission). This behaviour has never been observed 
on an EB, but it is in agreement with the results we found for a small 
solar flare (Cauzzi et al., 1995 A&A, in press). 

- No evident counterpart of the chromospheric EB is found in SXR. 
- The SXR structures outline a nearby loop system that began to become 

unstable at least 40 min. before the EB development. 
- The SXR isocontour evolution indicates that roughly 20 min. before 

the EB onset a sudden increase in the SXR emission occurs along the 
pre-existing SXR loop structure. This seems indicate that an emerging 
(or sinking) magnetic loop is interacting with the pre-existing SXR 
loop system and modifies its structural pattern. 

- The EB occurs nearby a footpoint of this modified SXR loop (described 
on the previous item) when its emission begins to decrease. 

The final and complete version of this paper will be submitted to Solar 
Physics for publication. 
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EXTENDED ABSTRACT: During the August 1993 International EFR 
Campaign, five active regions, which were at different phases of develop
ment, were observed at the German Vacuum Tower Telescope in Tenerife. 
We took filtergrams in Ha, in Call K232, and in green continuum, simultane
ously with HeI 10830A spectra over the target active regions. Spectroscopic 
quantities, such as equivalent widths, line widths, Doppler shifts, residual 
intensities etc. of HeI 10830A, were derived and mutual correlations among 
them were studied. Our main results are as follows. 
(1) The HeI 10830A absorption line is strong in plage areas and in Ha 
filaments. In fibril area of active regions, HeI 10830A shows only weak 
absorption, not different from that in quiet regions. 
(2) Except in active region filament areas, the equivalent width of HeI 
10830A is well correlated with the brightness of K 232 . Plage and enhanced 
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network seen in Call K232 are associated with enhanced absorption in Hel 
108301. On the other hand, Ha on-band brightnesses show less correlation 
with Hel 108301 than Call K232 • This result is new and gives a clue to the 
helium excitation mechanism in the solar atmosphere. 
(3) Doppler-shifted streaks were frequently found in Hel 108301 spectra. 
They were found both in association with the arch filaments of emerging 
flux regions and in plage area. Correlation analysis showed that, in plage 
areas, downflows are dominant in the regions where Hel 10830A absorption 
is strong. This finding in Hel 10830A is consistent with the characteristics 
of the CIV line (Klimchuk, 1987). 

Correlation between Hel 10830A equivalent widths and Call K232 bright
ness found in this work may cast some light on the excitation mechanism of 
helium on the Sun. One of the drawbacks of the "coronal back-irradiation" 
theory is the difficulty of explaining the existence of fine spatial structures 
of Hel 108301 absorption by diffuse coronal radiation. As Ca II K plage 
areas are expected to be the regions where chromospheric layers are much 
more strongly heated, collisional processes may contribute much more than 
expected thus far for the helium excitation. Another line of thought, a 
modified "coronal back-irradiaton" theory, emerges. As was found, upper 
chromospheric layers of plage areas are dynamic. There exists plenty of 
downward-moving material. This material may consist of finer threads or 
blobs, the outer parts of which are excited by coronal back-radiation. Super
position of these finer scale structures may result in larger optical thickness 
of the HeI 10830A line and explain the strong absorption in plage areas. 
The strong HeI 10830A absorption in Ha dark filaments can also be inter
preted in a similar way, if we assume that dark filaments are composed of 
fine threads. 

Prevailing downward flows in solar active regions, found in this work, 
may play an important role in the solar coronal mass circulation process. 
The flows suggests the existence of returning mass flux from the corona to 
lower layers, probably cooled condensation gases formed in the magnetic 
corona, flowing down along magnetic field lines. 
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The soft X-ray telescope (SXT) aboard the Yohkoh satellite has revealed 
many X-ray jet-like features, i.e. transitory X-ray enhancements with ap
parent collimated motions (Shibata et al., 1992). Many of X-ray jets are 
associated with flares in X-ray bright points, emerging flux regions, or active 
regions (Shibata et al., 1992, Shimojo et at., 1995). 

Shibata et. al. (1992) found an X-ray jet associated with an Ha surge 
in NOAA7070. They suggested that both the X-ray jet and the Ha surge 
originated in the same physical mechanism. 

In order to elucidate the physical nature of this event (25 Feb. 1992, 
00:00:00-04:00:00 UT), we combined partial frame images (PFI) taken by 
SXT, Ha images (only line center) by the Flare Telescope at Mitaka, and 
magnetogram data from Huairou (Beijin Astro. Obs.). We coaligned all the 
data and studied the time variations (Fig. 1). 

We found: (1) The X-ray jet started from 01:45:50 and the Ha surge 
started from 01:47:00. The footpoints of the X-ray jet and the Ha surge co
incided (within 5 arcsec) and started to flash simultaneously (within 2 min-
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Figure 1. An overlay of SXT partial frame images of an X-ray jet, Ha images of a surge, 
and a magnetogram image of an emerging flux region in NOAA7070. 

utes). (2) Both the X-ray jet and the Ha surge grew towards the southeast. 
(3) An emerging flux region (recognized by magnetogram data) appeared 
at the footpoint of the X-ray jet and the Ha surge. 

These results are consi~tent with a model in which magnetic reconnec
tion between the emerging loop and the overlaying magnetic field produces 
both the X-ray jet and the Ha surge (Yokoyama and Shibata, 1995). 
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HIGH RESOLUTION OBSERVATION OF SOLAR SPICULES 

AND THEIR KINEMATIC MODELLING 
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Abstract 

Solar spicules are known as one of the most prevalent small-scale dy
namical phenomena in the solar chromosphere, and are likely to make a 
considerable contribution to coronal mass supply. In order to understand 
the dynamical behavior of spicules, we analyzed high resolution filtergrams 
in Ha line center and wings taken at an enhanced network region near disk 
center (Suematsu et al. 1995), and found: (1) About 80% of the spicules, 
many of which were multiple events, could be traced through up and down 
phase; there were some spicules which were seen in the upward phase but 
barely visible in the downward phase, and vice versa. (2) Both proper mo
tions and line-of-sight Doppler signals indicate that the spicules are phe
nomena of true material motion; the motions of the tops of some spicules 
are well represented by an inclined ballistic trajectory with an initial ejec
tion velocity of about 40 km/sec. (3) Most of bright points in the Ha blue 
wing tend to appear at the base of spicules at their peak extension and in 
the falling phase; they are barely seen in the Ha red wing. 

In order to understand the observational behavior of spicules, we con
structed a simple kinematic model, in which spicule material consists of 
chromospheric material impulsively ejected into the corona along inclined 
rigid magnetic flux tubes. The model spicule follows a modified ballistic mo
tion where the deceleration is different from solar gravity and is a function 
of initial position of the spicule material; the initial velocity distribution of 
the spicule is given as a function of axial and radial distances. 

The initial condition of the spicule is hydrostatic equilibrium, as in 
the VAL chromosphere model, and the density of the ejected spicule is 
derived from the conditions of mass conservation and isothermal motion. In 
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Figure 1. Temporal variation of Doppler signal profile along the trajectory of a spicule. 
The Doppler signal is defined as (Ir - Ib)/(Ir +h), where the Ir and h are the intensity 
at Ha + 0.6sA and -0.6sA, respectively. It is noted that the Doppler signal always takes 
a maximum in the middle of a spicule in the extension phase and a minimum in the 
middle in the receding phase. 

calculating the visibility of a spicule ejected into the corona in the Ha line, 
we used a cloud model (Beckers 1964), assuming that the source function 
and Doppler width of the line are constant and that the optical thickness 
of the element is proportional to the density. 

The kinetic model of a spicule with a particular initial velocity distribu
tion can explain the observed temporal behavior of visibility in the Ha line 
and the Doppler signals shown in Figure 1, and would be useful to investi
gate the energy release mechanism responsible for the spicule formation. 
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LOCATION OF TYPE I RADIO CONTINUUM AND BURSTS 

ON YOHKOH SOFT X-RAY MAPS 
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Abstract. The data is presented of a solar type I noise storm observed on 
92/07/30 with the radio spectrometer Phoenix of ETH Zurich, the Very 
Large Array, VLA (333 MHz) and the soft X-ray telescope on board the 
Yohkoh satellite. The continuum and the bursts of the noise storm are spa
tially separated by about 100" and apparently lay on different loops as 
outlined by the SXR. Between periods of strong burst activity, burst-like 
emissions are also superimposed on the continuum source. These observa
tions contradict the predictions of existing type I theories. 

1. Introduction 

Solar type I noise storms were the first solar radio events discovered in 
the metric range, and are also the most common phenomenon at these 
wavelengths. Type I events last for several hours and sometimes for days. 
They are associated with active regions, but are not related to solar flares. 
Two different components of type I emission can be distinguished: Type I 
emission is composed of short lasting (0.1-1 s), narrowband (several % ofthe 
mean frequency) emissions (type I bursts) and a continuous, slowly varying, 
broadband (50-400 MHz) background emission (type I continuum). 

2. Discussion and conclusions 

A clear separation of the continuum source and the bursts has been noted. 
The separation is not only large (up to lO lD em), but transverse to the field 
lines as outlined by dense X-ray loops (cf. Fig. 1). This seems to contradict 
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the expectations of both the 'reconnection' (Benz & Wentzel 1981 ) and the 
'shock' (Spicer et aI. 1981, Wentzel 1981) models: In these two models, the 
continuum source and the burst source are both related to the location of 
trapped electrons, i.e. loops connected to the acceleration region. 
If one only considers the location of the observed continuum and burst 
sources, and looks for a possible magnetic geometry in which a connection 
by field lines between these two sources is possible, a 'helmet streamer' 
would be a possible configuration. The continuum sources would be situated 
below the vertical current sheet, and the burst sources would be located in 
the neutral sheet above, where reconnect ion takes place. 
On the other hand, the continuum source is not free of burst activity at 
333 MHz. This may support a model in which the observations are explained 
by two independent noise storms, one at the position of the continuum 
source and the other one at the position of the burst sources. In this model 
the lack of a continuum emission at the location of the burst sources may 
be interpreted as an effect of age or loop size. 

Figure 1. Enlargements of the active region (520 W10) related to the type I event. On the 
SXR image taken at 14:56:43 UT the coordinates of the centroids of the continuum source 
and the burst source are plotted. The approximated density of the type I continuum 
source (n" ~ (1.5 ± 0.4)'109 cm-3 ) is in agreement with fundamental plasma emission. 
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CORONAL MAGNETIC FIELDS 

FROM POLARIZATION OBSERVATIONS AT MICROWAVES 
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Abstract. We compare high resolution observations of a Solar Active Re
gion (A.R. 7530) performed with the Westerbork Synthesis Radio Tele
scope, at 5000MHz (>. = 6cm), with images obtained with the SXT on
board the Yohkoh satellite and with the coronal magnetic field, extrap
olated from Marshall Space Flight Center (MSFC) photospheric magne
tograms. 

1. Comparison with Sunspots and Soft X-rays 

The I and V maps of the active region are shown in the paper by Alis
sandrakis and Chiuderi Drago (1994, paper I). Their comparison with the 
SXT and the white light images of the same region shows the coincidence 
of the I map maxima with the two main sunspots of the active region and 
of the x-ray loops with the less intense part of the radio map at its border. 

The brightness temperature above the two main spots (Tb ~ 2.6.106 K 
and n ~ 3.1 . 105 K respectively) is very well reproduced by the gyro res
onance mechanism, using potential extrapolation (Alissandrakis, 1981) of 
the MSFC photospheric field, provided that different plasma parameters 
are assumed above the two sunspots. 

The shape of the low intensity A.R. contours is qualitatively reproduced 
by the free-free emission, computed using the electron temperature Te and 
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Emission Measure EM derived from the A112/ AlO1 ratio of SXT observa
tions from the Yohkoh satellite. The computed Tb is, however, much lower 
than the observed, since the derived Te is very high thus giving a very small 
radio optical depth. We believe that the A112/ AlO1 ratio, known to be sensi
ble only to Te > 5 .. 106 K, is not suitable for the temperature determination 
in active regions. 

2. Comparison with the Extrapolated Magnetic Field 

The comparison of the V map with the photospheric magnetic field, also 
shown in paper I, shows that, while the positive circular polarization region 
is located entirely above a region of positive magnetic field (as expected 
from the magneto-ionic theory), the negative polarization overlays regions 
of opposite magnetic polarity, indicating that polarization reversal along 
the ray path must have occurred. 

The observed sign of the circular polarization (CP) depends in fact on 
the value of the coupling coefficient, C(QT) = 4.77J~;;8114Id(J/dsl at the 
point where the angle (J between the line of sight s and the magnetic field 
B is (J ~ 7r /2 (Cohen, 1960). 

If C ~ 1, (Week coupling) the CP is reversed. 
If C ~ 1, (Strong coupling) the CP is not reversed. 
If C = 1, the CP is cancelled or strongly suppressed. In this region, 

called depolarization strip, the expected polarization is linear (see paper I). 
U sing the extrapolation of the MSFC magnetic field mentioned above, 

we computed the quantity Ne . C( QT) at several points above the A.R. We 
found that at all points where the CP is reversed the following inequalities 
hold: Ne . C(QT) ~ (Ne . C(QT))a and hp < ha, where hp is the height 
of the point where s .1 B and the suffix 0 refers to the points on the 
depolarization strip where C( QT) = 1. This happens also in the region 
where is V < 0 above the negative field: here, however, all ray path s 
crosses two times B 1., reversing the CP twice. Finally at all points located 
in the region of positive field, where CP is not reversed, we have instead 
Ne . C(QT) ~ (Ne · C(QT))a and hT > ho. 

These results indicate that, with any density model such that dNe/ dh ::; 
0, the requirements of the mode coupling theory are fully satisfied allover 
the A.R. by the extrapolated potential magnetic field. This is the first 
time that the extrapolated magnetic field at relatively high coronal levels 
(ho ~ 105 Km) is observationally checked. 
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Abstract. Type III burs~s are detected in association with dynamic coronal 
X-ray jets observed by YohkohjSXT. The type III bursts are spatially and 
temporally coincident with the X-ray jets. 
The association of type III bursts with X-ray jets implies the acceleration 
of electrons to several tens of keY, along with the heating responsible for 
the production of soft X-rays. 

Keyword; Radio, X-ray, Jet, Bursts, Nonthermal, Plasma 

1. Observations and Results 

The Yohkoh X-ray jets of the type discussed here consist of highly col
limated plasma structures originating in active regions or X-ray bright 
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points. They evolve dynamically on time scales of the observations (typi
cal sample intervals on the order of minutes) and they are visible in soft 
X-rays because of density and temperature enhancements relative to the 
surrounding coronal material. Most jets are associated with small flares. 

It is known that type III emitting electrons propagate along radio struc
tures at the limb corresponding to coronal streamers of electron density 
higher than ambient density by factors of 4 - 10 (Wild et al. 1959; Kundu 
et al. 1983). The association of type III-like bursts with coronal jets on 
the disk show that it may be a general situation for nonthermal electrons 
to propagate in dense coronal structures. Further, type III electrons must 
propagate along open magnetic field lines in order to account for their as
sociation with electrons detected in the interplanetary medium (e.g. Lin, 
1985). 

The association of type Ill's with jets establishes that the acceleration of 
electrons to speeds of N c/3 (energies some tens of keY) coincides with the 
plasma flows. Further, the type III evidence suggests that the jets, which 
appear to emanate from closed loops, must have open field lines along which 
the nonthermal electrons propagate. The location of type III bursts at the 
lower frequency (164M Hz) on the invisible or poorly visible part of the 
jet suggests that the electron density in that part of the jet is adequate to 
produce plasma radiation, but not high enough for the jet to be visible in 
soft X-rays. This is consistent with extrapolation of the decreasing density 
away from the region associated with the jet. Closer to the jet, the density 
(6.9 X 108 cm-3 ) derived from 236.6MHz type III burst observation (on 
the plasma radiation interpretation) is only slightly smaller than or even 
comparable with the X-ray derived density (6 - 10 X 108cm-3) at the top 
of the jet. The slight difference of density may result from two possibilities: 
either the 236.6M H z source is higher than the top of the jet; or the jet is 
thicker than any value within the assumed range (Kundu et al. 1995). 

The flare-like brightenings associated with jets arising in XBP's or ac
tive regions are typically too weak to be detectable in hard X-rays, so 
the radio phenomena must serve to identify any nonthermal effects in these 
events. The type III emission shows clearly that particle acceleration is tak
ing place, as is normal in ordinary flares. The type III emission is extremely 
short-lived relative to the jet process. The location ofthe low frequency type 
III bursts on the extension of the soft X-ray jets, argues that the coronal 
jets can be much longer than inferred from soft X-ray measurements. The 
soft X-ray emission and the radio observing frequency provide two indepen
dent means of estimating the electron density at the point of observation. 
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STATISTICAL STUDY OF SOLAR X-RAY JETS 

OBSERVED WITH THE YOHKOH SOFT X-RAY TELESCOPE 

M. SHIMOJO AND T. HASHIMOTO 
Department of Physics, Tokai University 
Hiratsuka, Kanagawa 259-12, Japan 

K. SHIBATA AND T. HIRAYAMA 
National Astronomical Observatory 
Mitaka, Tokyo 181, Japan 

AND 

K. 1. HARVEY 
Solar Physics Research Corpomtion 
Calle Desecada, Tucson, AZ85718, USA 

From a statistical study of 100 X-ray jets, found from the database of 
full Sun images taken with the Soft X-ray Telescope (SXT) aboard Yohkoh 
during the period between November 1991 and April 1992, we found the 
following characteristics: 1) Most of the jets are associated with small flares 
(microflare - subflare) at their footpoints. 2) The length of jet ranges from 
a few x 104 km to a few x 105 km. 3) The apparent velocity ranges from 
rv 10 km/s to 1000 km/s and the well observed apparent velocity of jet 
is about 200 km/s. 4) The lifetime ranges from a few min to rv 10 hours 
and the distribution of lifetimes is a power law. 5) We found that the 
shape of the X-ray jet can be classified into about 5 distinct types; 43% 
of jet have constant widths, and 33% of the jet appear to be converging. 
6) About two thirds (64%) of the jets appear in or near active regions 
(AR). When a jet is ejected from a bright point like feature in an AR, it 
occurs to the west (86%). 7) A clear gap (> 104 km) is seen between the 
exact footpoint of the jet and the brightest part of the associated flare in 
27% of the jets. 8) The X-ray intensity along an X-ray jet often shows an 
exponential decrease with distance from the footpoint. 9) This exponential 
intensity distribution holds from the early phase to the decay phase. 10) 
From co-alignment between SXT images and magnetogram images, we have 
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Figure 1. Upper right: Histogram of the projected length of X-ray jet. Upper left: 
Histogram of the apparent velocity of X-ray jet. Lower right: Histogram of lifetime of 
jet. Lower left: A example of X-ray jet. 

found that jet-producing regions correspond to mixed - polarity regions i.e. 
regions of satellite polarity. 

For more details, we have analyzed partial frame images (PFIs), which 
were taken at a higher cadence than full frame images (FFIs), and found 
that the temperatures of the jet and footpoint are almost equally high, 
4 f'V 6 MK, while the emission measures are f'V 1027 cm-5 and f'V 1028 cm-5 

for the jet and its footpoint, respectively. 
On the assumption that the radius of the jet is the same as its width, 

we estimated density, thermal energy and kinetic energy. The density of jet 
is f'V 109 cm-3 , the density of foot point is 109 f'V 10lD cm-3 , the thermal 
energy of jet is 1026 f'V 1027 erg, the kinetic energy of jet is 1025 f'V 1026 erg 
and the thermal energy of footpoint is 1027 f'V 1028 erg. It is also found that 
the density of jet increases by more than 2 times over the pre-jet value. 
This result is suggestive that X-ray jet is the real flow of hot plasma. 
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SIMULTANEOUS OBSERVATION OF SOLAR SURGES IN Ha 

AND X-RAY 

MAKIAKIOKA 
Hiriaso Solar Terresrial Research Center, Communications Resem 
Laboratory 
3601 Isozaki, Hitachinaka-shi, Ibaraki 311-12, JAPAN 

AND 

GIANNA CAUZZI 
Institute for Astronomy, Uviversity of Hawaii 
Hawaii, USA 

Some fundamental questions on the X-ray counterparts of Ha surges 
remain still controversial although several efforts were made based on the 
SMM observations (e.g. Svestka, Farnik, and Tang (1990)). Here, some im
portant characteristics of the X-ray counterparts of Ha surges are discussed 
based on the 26 surges simultaneously observed with Yohkoh/SXT and the 
Ha telescope at Hiraiso. Typically, the spatial sampling of Yohkoh/SXT is 
mainly 2.5" jpixel and the Hiraiso Ha, 0.9 or 1.2 " /pixel, while the obser
vation cadence of Yohkoh/SXT for Quiet Mode is 1 or 4 min and the Ha, 
1 or 2 min. The combination of instruments is therefore appropriate for 
comprehensive analyses of surges. 

We found the following properties: 

- In many cases (20 out of 26), no X-ray emission was seen on the tra
jectories of the Ha dark surges. 
Where the X ray emission of the surge ejecta was detected, the Ha 
counterpart was in emission on the filtergram (3 cases). 
In every case, foot-point brightenings in X rays coincides in with Ha. 
In 5 cases, a neighboring loop is brightened in association with the 
surges. 

- In some cases, Ha bright points were slightly displaced from the launch 
site of the surge . 

Many Ha dark surges do not have X-ray counterparts along their trajecto
ries. On the contrary, Ha bright surges accompany X-ray jets along their 
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Figure 1. Ha and X-ray images of 23-0ct-92 surge (see text) . 

trajectories. The SXT intensity is proportional to the emission measure 
of the hot (106 K) plasma: Hex clouds with high pressure larger than 1 
dyn/cm2 are observed as emission against the disk with Hex center filter
gram (Heinzel and Karlicky, 1987). These indicate that Hex bright surges 
with X-ray ejecta have higher pressure than Hex dark surges. 

As described in the previous paragraph, some surges are accompanied 
by neighboring loop brightenings. Here, we gives the description of the 
event on 23 October,1992 simultaneously observed with Yohkoh/SXT, Mees 
Polarimeter of University of Hawaii, and Hiraiso Hex. The temporal evolu
tion of the surge observed in Hex and X-rays is shown in Figure 1. An 
Hex footpoint brightening started at 0248 UT and a dark absorption fea
ture appeared above the bright patch on 0254 UT. The length of the surge 
reached its maximum of 50 Mm in projection at 0305 UT. In X-ray im
ages, the footpoint brightening started at 0248 UT. Two separate points 
(Fl and F2) are brightened simultaneously and evolved into a small loop. 
At 0253 UT, isolated bright points (F3 and F4) appeared and the 0258 
UT image shows that F3 and F4 were footpoints of two loops. Later, the 
whole loops filled with hot plasma. The evolutionary characteristics of this 
loop brightening show that not the propagation of a conduction front but 
a plasma evaporation due to high-energy particles plays an essential role in 
the energy transport in surges. 
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STATISTICAL STUDIES OF SOLAR Ha BRIGHTENING EVENTS 

AND THEIR RELATION TO SOFT X-RAY EVENTS 

C.Y. YATINI AND Y. SUEMATSU 
National Astronomical Observatory 
Mitaka, Tokyo 181, Japan 

Extended Abstract 

We present some results of studies of solar Ha brightening events whose 
data were obtained with the Automatic Solar Ha Flare Detection System at 
NAOJ (Suematsu et al., 1993). The events include not only flares but also 
small-scale brightenings which are not usually regarded as flares. About 
663 events were selected from the data of Sept. 1991 to Dec. 1993. The Ha 
brightening events were characterized by some quantities such as the peak 
intensity ratio, duration, rise and fall time, and peak Ha flux, and were 
compared with soft X-ray events from GOES data. Main results are: 

1. The distribution of Ha events as a function of duration or peak inten
sity ratio shows an exponential-like decrease with increasing parameter 
(cf. Smith and Smith 1963; Yeung and Pearce 1990). 

2. The most frequent events are characterized by short durations and 
small spatial dimensions. 

3. The events with rise ratio (rise time/duration) less than 0.4 comprise 
about 70 % of all events studied. 

4. There are poor correlations between the area and duration or between 
area and peak Ha flux. 

5. Most of Ha brightening events are associated with soft X-rays bursts. 
Their time profiles are similar to each other, although the peak in soft 
X-rays tend to come later by about one minute than that in Ha (cf. 
Thomas and Teske 1971; Teske 1971) . 

6. The soft X-rays flux tend to increase with Ha flux, although th~ cor
relation is not good (Fig. 1, cf. Thomas and Teske 1971; Teske 1971). 

These results seem to indicate that the brightening events have a wide 
variety of physical conditions in the energy release and transportation. 
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Figure 1. Scatter plots of peak soft X-ray flux (I-SA band) vs. Ha (o.sA band) in a 
logarithmic scale for 301 events 
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THE THREE-DIMENSIONAL STRUCTURES OF 
ELEMENTARY CORONAL HEATING EVENTS 

C.E. PARNELL 
School of Mathematical and Computational Sciences, 
University of St Andrews, North Haugh, St Andrews, Fife, 
Scotland, KY16 9SS. 

The poster I presented at this meeting contained work from three pa
pers: Priest, Parnell and Martin (1994); Parnell, Priest and Golub (1994, 
1996). The intention was to present the converging flux model, detailed 
in Priest et al. (1994), as an elementary heating mechanism for small
scale coronal phenomena. The model explains in a natural way how these 
phenomena, in particular bright points, might occur. It satisfies many of 
the observations of the photosphere, chromosphere and corona relating to 
bright points. Bright points are observed above pairs of opposite polarity 
magnetic fragments which converge then mutually lose flux. The model 
therefore comprises an ambient background field in which a positive and a 
negative magnetic fragment are situated initially unconnected; observation
ally, magnetic sources are not linked by chromospheric fibrils. They move 
together until an x-point forms at the photosphere and rises into the corona, 
releasing energy in the form of a bright point. The x-point then drops back 
down to the photosphere and the bright point fades as the magnetic frag
ments touch. Now reconnect ion takes place in the photosphere forming a 
cancelling magnetic feature as the bright point ends, in accordance with 
observations. The fragments continue to converge and mutually lose flux 
until they completely cancel and only the ambient field remains. 

The work from the paper by Parnell et a1. (1994) used the philosophy of 
the converging flux model in an attempt to explain the three-dimensional 
looped structure of bright points. A comparison was made between soft x
ray images of particular bright points and magnetograms of the underlying 
photosphere. The magnetic fragments relating to the bright points were 
identified and then modelled in a simple manner as poles of the appropriate 
strength - the potential field due to these sources was then derived. As the 
sources moved in the observed manner newly reconnected field lines, which 
were assumed to have been injected with hot dense plasma causing them 
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to brighten, formed and produced the observed bright point structure (see 
also B. Schmieder in these proceedings). 

The final section of the poster considers satellite points, small bright 
single-loop structures seen in soft x-rays by NIXT (see Golub et al., 1994 for 
details). The proposed model in the poster suggested that moving magnetic 
features radiating out from a decaying sunspot interact with surrounding 
network fields to produce satellite points. From the NIXT images the life
time of these features is unclear; however we can see that from one end 
of the bright loops there is a rapidly varying bright spot-like structure. It 
is possible that these spot brightenings are related to active region tran
sient brightenings since they vary rapidly during the five minutes of the 
NIXT flight - this suggestion cannot be conclusively proved. However, the 
single loop structures themselves maintain a steady intensity throughout 
and are therefore not transient brightenings, though they clearly have an 
important relationship with the flaring spots. One scenario to explain the 
observed satellite points is that moving magnetic fragments interact with 
the network fragments around the sunspot to give rise to reconnection in the 
corona, thus producing the bright loop structures. The reconnect ion here 
may be of an impulsive bursty regime with fluctuations in the intensity of 
the newly reconnected loops likely to be observed. It is possible that these 
variations may be intense enough to produce a flaring event as seen in one 
in ten bright points. This is not an unreasonable assumption since bright 
point flares and active region transient brightenings release approximately 
the same amount of energy and have similar structures, sizes and lifetimes. 
However below active region transient brightenings little evidence has been 
found of converging fragments and only a few cases have been found of 
emerging flux, so it is not yet clear what is causing active region transient 
brightenings (see also Shimizu in these proceedings). 

In conclusion the converging flux model is found to model in a natural 
way elementary heating events such as bright points. The philosophy of 
the model may also be used to explain the three-dimensional structure 
of both bright points and satellite points and possibly even active region 
transient brightenings, thus indicating that small-scale reconnection events 
are important in the heating of the solar corona. 
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CAUSAL RELATION BETWEEN Ha ARCH FILAMENT LOOPS 

AND SOFT X-RAY CORONAL LOOPS 

K. YOSHIMURA, H. KUROKAWA AND S. SANO 
Kwasan and Hida Obs., Faculty of Science, Kyoto University 
Sakyo-ku, Kyoto, 606-01, Japan 

AND 

H. HUDSON 
Inst. for Astronomy, Univ. of Hawaii 
Honolulu, HI 96822, USA 

We have been studying the spatial and temporal relations between Ha 
arch filament system(AFS) loops and soft X-ray(SXR) coronal loops, com
paring high resolution Ha images of emerging flux regions (EFRs) observed 
with the Domeless Solar Telescope (DST) at Hida Obs. with SXR images 
taken by the Soft X-ray Telescope (SXT) aboard Yohkoh. The first results 
ofthis study were published in Kawai et al. (1992, 1993), showing good spa
tial correspondence between Ha AFS loops and SXR bright loops especially 
in the youngest parts of EFRs. 

To study their causal relation in more detail, we made coordinated ob
servations of EFRs with Hida DST and Yohkoh SXT in June and August, 
1994, these gave, for the first time, a good example showing an apparent 
causal relationship between an AFS loop and a SXR loop, which is demon
strated in Figure 1. 

Loop h1 and loop sl indicated in Fig. 1 are an emerging Ha loop and a 
brightening SXR loop, respectively. The loop h1 was first found to darken in 
Ha blue wing images at around 00:48 UT, and became visible in Ha center 
images at around 00:53 UT,when loop sl started to brighten in SXR. In 
the Ha red wing images, both legs of loop h1 were found to darken even 
after 00:58 UT. We overlaid the Ha image on the SXR image, and found 
the Ha emerging loop and the SXR brightening loop to be located very 
close but tilted with respect to each other. It must be noted, however, that 
appearances of AFS loops are not always followed by SXR brightenings, 
and that it is rare to find such a clear causal relation as found here between 
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Figure 1. (a)Ha -0.6Aimage showing the emerging Ha AFS loop hI at 00:54:22UT, 
11th June, 1994. (b)Ha line-center image at 00:54:26 UT. (c) SXR image at 00:55:58 
UT. Loop sl was very close to the Ha AFS loop hI. (d) Temporal variations of the 
darkness of the loop hI in Ha line-center (dotted line), in Ha -0.6 A(dot-dashed), in Ha 
+0.6 A(dashed) and the brightness of the 81 (solid). For the three Ha curves, the mean 
intensity in the quiet region is set to 1000 contrast units. Notice the first darkening of 
the loop hI in Ha -0.6 A, and the later darkening and brightening in Ha line-center and 
in SXR, respectively. 

loops hl and 81. Loop hl showed a prominent upward motion in the Ha 
blue wing. This may be a necessary condition with which an emergence of 
an Ha AFS loop produces a brightening of an SXR loop. 

References 

Kawai, G., Kurokawa, H., Tsuneta, S., Shimizu, T., Shibata, K., Acton, L., Strong, K. 
and Nitta, N.(1992) Publ. Astron. Soc. Japan, 44, pp.L193-L198 

Kawai, G., Kurokawa, H., Akioka, M., Shibata, K., Tsuneta, S., Shimizu, T., Acton, L., 
Strong, K. and Nitta, N.(1993) The Proceeding of International Symposium on the 
Yohkoh Scientific Results. (at Sagamiham, Feb.,1993) p16, (written in Japanese) 



EMERGING FLUX, RECONNECTION, AND XBP 

Observation Meets Theory 
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Ground-based optical observations coordinated with Yohkoh/SXT of an 
old, disintegrating bipolar active region AR NOAA 7493 (May 1, 1993) 
provided a multiwavelength (magnetic fields, Ha and X-ray) data base for 
the study of a flaring "active region" X-ray bright point (XBP) of about 
16 hours lifetime, and of the activity related to it in different layers of the 
solar atmosphere (van Driel-Gesztelyi et al., 1995). 
We find that 
(1) This XBP, which appeared in a decaying active region related to a new 
minor bipole of about 1020 Mx, was very similar to XBPs observed in quiet 
solar regions. 
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Figure 1. Extrapolated coronal magnetic field lines before reconnection (a) and after 
reconnection (b). 

(2) The XBP flares were due to macroscopic reconnection between a small 
(emerging) and a big (pre-existing) loop. 
Evidence: (i) The trigger of the reconnection was the motion of the new 
negative polarity pore (S) towards the pre-existing positive polarity pi age 
(NF) with a velocity of 0.2 km s-1. (ii) the XBP was located between the 
new pore and the pre-existing plage. (iii) The location of the XBP shifted 
together with the moving new pore in such a way that it always remained 
between the new pore and the old plage. (iv) The XBP was not point-like, 
but had an elongated, tiny loop structure connecting the new pore and the 
old plage. (v) There was another longer loop (NF-B) involved in the XBP 
flares: brightness enhancements of its remote foot point suggest that it was 
heated by both fast particles and a conduction front (v :::::: 700 km s-1). 
(vi) 3D reconnection model calculations are in good agreement with the 
observations. Extrapolating the observed photospheric magnetic fields we 
found field lines corresponding to the observed arch filament system (AFS) 
and X-ray loops on both sides of the quasi separatrice layers (QSL), as 
expected in a 3D reconnection process (Figure 1). Since the two reconnected 
loops were very different in volume, the energy released in the reconnection 
region made the short loop (S-NFj XBP) much brighter than the long loop 
(N-B). 
(3) The XBP flares looked like compact simple-loop flares, like the majority 
of flares observed by Yohkoh. Although in general we can not e~clude the 
possibility that flaring of a single loop is due to the relaxation of internal 
magnetic stresses, these observations suggest that even apparent simple
loop flares can be attributed to macroscopic magnetic reconnection. 
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COLLISION OF PLASMA FLOWS IN A CURRENT LOOP 
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Extended Abstract 

Chromospheric evaporation is one of the important mechanisms for en
ergy transports at the rise phase of solar flares. With its high resolution, the 
Yohkoh SXT has ability to detect moving evaporation fronts, provided that 
the instrument takes images since the very beginning of a flare. This an
ticipation has been proven for the first time by Hudson et al. (1993), who 
show that the Yohkoh SXT can observe the upward-moving fronts along 
loop legs as it happens. In his study of the Yohkoh HXT, Sakao (1994) 
found that double sources are a common feature in the footpoints of a sin
gle loop. Since the HXT emissions from the footpoints vary simultaneously, 
it implies that accelerated electrons stream down along the loop towards 
both ends. By the subsequent evaporation of the lower solar atmosphere 
from the ends is possible to be created. The existence of such chromospheric 
evaporation has been modeled as one of the four phases of a flare on the 
basis of synthesized SXT images (Reale and Peres 1995). 

In this study, we investigate a collision of upward flows from the foot
points of a current loop with a 3-D particle code (Buneman 1994). In the 
initial state, upward flows formed by both electrons and ions are set sepa
ra.tely inside a current loop, which are pushed to move together along the 
ambient magnetic field with the same bulk velocity, on the order of a quarter 
of the Alfven velocity. The two flows collide with each other at wpet = 15, 
and then mix. Figure 1 plots the time history of the drift velocities of elec
trons and ions in the flows. One can see that the drift velocities of the ions 
slow down little, suggesting that the ions enter the collision region and pass 
through it as the evolution is going on. However, the electrons are trapped 
in the collision region as seen that the drift velocities decrease to near zero. 
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Accumulation of the electrons may be account for the brightenings at the 
loop apex, a subject to be discussed later. During the collision process, the 
initial kinetic energies of the flows in the drifting direction are deposited 
with an accompanying growth of the electron kinetic energies of the loop 
and flow in other directions. The temperatures of the electrons in the loop 
and flows are increased 1.5 times their initial ones. 
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Figure 1. Time history of the drift velocities of electrons and ions in the flows. Dashed 
lines: electrons; solid lines: the ions. 

One of the recent discoveries made with SXT on board Yohkoh is that 
the appearance of bright knots at the tops of loops is a common feature in 
flares (Acton et ai. 1992, Doschek et ai. 1995). As pointed out by Doschek 
et ai. (1995), this new phenomenon indicates that the plasma within a flare 
flux tube may not be in pressure equilibrium for extended time intervals 
over a flare lifetime; i.e., the plasma at the top of a flare may be both denser 
and hotter than in the loop legs. The plasma physics of stable overpressure 
at loop tops still remain unclear. We try to interpret it with the model 
of a collision of upward fronts in a current loop. The simulation results 
clearly show that the upward fronts will collide somewhere in the loop, 
resulting in enhancement of temperature and density of the electrons in 
the collision region. The more detailed comparison between the simulation 
and observation is in progress, and will be reported soon. 
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OSCILLATIONS IN A QUIESCENT SOLAR PROMINENCE 

R. OLIVER AND J. L. BALLESTER 
Departament de Fisica, 
Universitat de les flles Balears, 
E-07071 Palma de Mallorca, Spain 

Abstract. Many of prominences' physical features still remain enigmatic 
-questions regarding the formation, long-term equilibrium, dynamic evolu
tion and eventual eruption of quiescent prominences are yet to be answered. 

Prominence seismology, i.e., the constructive interaction between the 
modelling of prominence equilibrium, the theoretical study of the vibrations 
of the whole structure (normal modes) and direct observation, is a way of 
improving our knowledge of these objects. 

Moreover, prominences are just a piece of a larger puzzle, the corona, in 
which they are embedded. A better understanding of the processes taking 
place in the solar atmosphere can be achieved by a deeper inspection of 
prominence properties; one, for example, would need to explain why the 
coronal magnetic topology and plasma properties are such that the forma
tion and existence of condensations are allowed in some places while not in 
some others. 

In previous works 1-D equilibrium solutions with a temperature dis
continuity at the boundary between prominence and corona (e.g. Joarder 
& Roberts 1992; Oliver et al. 1992, 1993) were used. It was found that the 
coexistence of two media with very different properties gives rise to three 
types of fast, slow and Alfven MHD modes: internal and external modes 
have properties determined by the isothermal prominence and corona, re
spectively. Hybrid modes are a mixture of internal and external. 

In this paper we address the question: 

Are the modes of oscillation of a system with a smooth temperature 
variation from the prominence to the corona different from the modes 
of a two-temperature system with a sharp temperature increase at the 
interface between the prominence and the corona? 

This, of course, may have important implications on the models that should 
be used in future investigations of this kind. 
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The model of Low & Wu (1981) is chosen to represent the equilibrium 
state of the system. This is a solution of the type put forward by Kippen
hahn & Schluter (1957), which incorporates the thermal balance equation 
with a simplified form of the radiative loss term. The temperature in this 
model suffers a smooth variation from prominence to corona. 

An important feature of internal, external and hybrid modes in a two
temperature system is that their frequencies evolve in a different manner 
as the half-width of the system (xc) is varied. Internal modes are charac
terized by a constant w, external modes have w f'V x~1 and hybrid modes 

-1/2 have w f'V Xc • 
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Figure 1. Evolution of the dimensionless frequency, (;j2, vs. the half-width of the system, 
xc, for (a) a two-temperature equilibrium and (b) a Low-Wu equilibrium. 

This is shown in Figure la, where internal and external modes can 
be seen crossing each other. Modes possess internal features where their 
frequency remains almost constant, whereas they become external where w 
decreases with Xc' The above situation drastically changes in the present 
equilibrium (Oliver & Ballester 1995), as all modes display a remarkably 
similar frequency evolution with the parameter Xc (Fig. 1b). 
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NON-EQUILIBRIUM EFFECTS ON THE OPTICALLY THIN 

RADIATIVE LOSS FUNCTION 

0. WIKST0L AND V. H. HANSTEEN 

Institute of Theoretical Astrophysics 
P.O. Box 1029, Blindern, 0315 Oslo, Norway 
email: oivindw@astro.uio.no.viggoh@astro.uio.no 

The optically thin radiative loss function, f(T) == Lr/nenH' where Lr 
represents the radiative losses (erg/s/cm-3) and ne,nH the electron and 
hydrogen number densities is an important quantity in the energetics of 
coronal and transition region plasmas. We will consider the importance 
of calculating the ionization state and radiative losses consistently with 
the dynamic state of the coronal/transition region plasma, and through 
time dependent calculations we will show the effects of non-equilibrium 
ionization on the radiative loss function. 

Although some authors (e.g. Spadaro et al. 1990, Hansteen 1993) have 
discussed deviations from ionization equilibrium caused by coronal and 
transition region dynamics, no systematic study of the effects of this on 
the radiative loss function have yet been carried out. Wikst!2l1 & Hansteen 
(1995) present calculations of a loop being heated to and cooling from coro
nal temperatures. In order to illustrate the magnitude of non-equilibrium 
effects we will here show calculations of a coronal loop cooling to chromo
spheric temperatures. The total length of the loop is 1 = 20 OOOkm and the 
initial maximum temperature is T = 2.44 x 106K. 
In the left panel of figure 1 the time evolution of the loop temperature 
is shown. As the coronal heating is switched off at t = Os, the loop cools 
by heat conduction and radiation. The dynamic response of the loop, not 
shown here, to this cooling is large scale downflow towards the chromo
spheric footpoints as the coronal material can no longer be sustained against 
gravity. 

The right panel of figure 1 shows the radiative loss function, f(T). The 
radiative loss function is significantly reduced compared to its equilibrium 
value (t = Os) as time progresses at temperatures below T ~ 5 x 105K. This 
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Figure 1. Temperature profile and radiative loss function. solid line: t=Os, dotted: 
t=400s, dashed: t=750s, dash-dotted: t=1150s. 

behavior is a result of deviations from ionization equilibrium which may be 
explained as follows: 

The principal contributions to the radiative loss function in the tem
perature regime of Te < 5 X 105K stem from the resonance lines of several 
times ionized carbon and oxygen ions. As the material flows down the 
steep temperature gradient in the transition region, the timescales for re
combination eventually becomes long compared to the dynamic timescale of 
plasma flowing through a temperature scale height. The slowest processes 
are recombination from C v to C IV and 0 VII to 0 VI. The lower ionization 
st ages, C IV,III and 0 VI, V are therefore under-abundant at their equilib
rium temperatures; these are the ionization stages that contain the lines 
most important to the radiative losses and their under-abundance leads to 
the reduction in the radiative loss term shown in figure 1. 

We have performed the same calculations using radiative losses calcu
lated assuming ionization equilibrium and find significant differences in the 
energetics of the cooling. When time dependent radiative losses are used 
the atmosphere cools from a maximum temperature of T = 4 X 105K to 
T = 1 X 105K in 310s. The same cooling takes 175s in the case where (the 
larger) equilibrium radiative losses are used. 
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NONLINEAR DISSIPATION OF ALFVEN WAVES 
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1 Sterrekundig Instituut 
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AND 

2 Physics Department 
Univ. of Miami, P.O. Box 248046, Coral Gables, FL 33124, 
USA 

Alfven waves are incompressible to first order and therefore believed 
to propagate without dissipating. A linearly polarised Alfven wave is how
ever compressible to second order due to the variations in magnetic pres
sure, B2/(2J-lo), (e.g. Alfven & Falthammar 1963). The wave can therefore 
steepen to discontinuities (Cohen & Kulsrud 1974). 

High-amplitude Alfven waves can be of importance in driving out
flows from the Sun and other stars (e.g. Rosner 1995), but current models 
are hampered by the insufficient understanding of the damping of high
amplitude Alfven waves, which is the problem we address. 

We simulate the propagation of high-amplitude Alfven waves in homo
geneous and stratified media assuming isothermal magnetohydrodynamics 
(MHD). We restrict ourselves to one-dimensional models, where the waves 
are propagating along a background magnetic field Bo, on which we impose 
oscillations BI and VI = -BII ..jJ-loP perpendicular to Bo. The numerical 
calculations are based on the method of flux-corrected transport (Boris & 
Book 1973). 

Figure 1 demonstrates the difference between the propagation of a cir
cularly polarised Alfven wave and a linearly polarised wave of the same 
amplitude in a homogeneous medium. The circularly polarised wave propa
gates with very little distortion, whereas the linearly polarised wave steep
ens to form a number of current sheets, in which dissipation occurs. The 
reason is that the magnetic pressure of the circularly polarised wave is inde
pendent of phase, whereas it varies with the phase of the linearly polarised 
wave. Physically the magnetic pressure gradients in the linearly polarised 
wave push together magnetic field lines of opposite directions in the current 
sheets. 

467 

Y. Uchida et at. (eds.), 
MagnetodYfIilmic Phenomena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 467-468. 
© 1996 Kluwer Academic Publishers. 



468 

o 

""" 

0.05 0.10 0.15 0.20 0.25 0.30 
Z (solar radii) 

Figure 1. The Bx-components of linearly (solid line) and circularly (dashed line) po
larised Alfven waves propagating along z. The plane of polarisation is inclined with 1r /4 
with respect to x. The background medium is homogeneous with a density of 10-14 

kg m -3, a temperature of 106 K, the period of the waves is 300 s and Btl Bo = 1.0 

In a stratified medium the amplitude of BI decreases as the wave prop
agates upward. For that reason the wave dissipates only below a certain 
height, but it keeps its square-shape even at higher altitudes as there is no 
mechanism that can transform it back to its sinusoidal shape. Even though 
the amplitude decreases, the relative importance of the magnetic pressure, 
Bi!(2J..lo) , compared with the gas pressure increases. Therefore the wave 
loses energy by doing work on the background medium even when it can
not dissipate (Boynton & Torkelsson 1995). 
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ON THE STABILITY OF SOLAR PHOTOSPHERIC MAGNETIC 
FLUX TUBES 

Akitsugu TAKEUCHI 

Yonago National College of Technology 

4448 Hikona, Yonago, Totton 683, Japan 

In the quiet solar photosphere, most of the magnetic flux is in the form of small

scale intense magnetic flux tubes. It is believed that the intense flux tubes are 

formed by the convective collapse, which is a kind of the convective instability in 

a magnetic flux tube. Thus, the nature of the instability has been investigated by 

many authors. From linear theory it was found that the stability is determined by {3 

(the ratio of gas pressure to magnetic pressure in the flux tube); if {3 < {3c the tube 

is convectively stable, otherwise it is unstable (Spruit, Zweiben979). Moreover, 

Takeuchi (1993) showed that a weak flux tube ({3 > (3c) evolves into an intense 

flux tube ({3 < (3c) in a static equilibrium, due to the convective collapse, carrying 

out the nonlinear calculations. However, he adopted the adiabatic approximation 

which is not valid in the photospheric region. Thus, we investigated the nonlinear 

and the long term evolution of the convective instability in a weak flux tube, 

adopting thin flux-tube approximation (Roberts, Webb 1978). The radiative heat 

exchange was .taken into account adopting Newton's law of cooling. 

In this study, the same set of equations as those used in Takeuchi (1995) were 

used. The convective instability was initiated by a small downflow added to 

an initial atmosphere. The level z = 0 km corresponded to 75000 = 1 in the 

external medium, and the closed and open (flow-through) boundary conditions 

were adopted at the upper (z = 1000 km) and lower (z = -2000 km) bound

aries, respectively. Since the weak flux tubes are formed by the flux expulsion 

due to the granulation, {3 = 10 and ao (the radius of the flux tube at the pho

tosphere) = 200 km were chosen as the standard initial parameters of a weak 

flux tube. In figure 1, we showed time variations of the velocity v, the tempera

ture difference tJ..T(= T(z,t) - T(z,O)), and the magnetic flux density difference 

AB(= B(z,t) - B(z,O)), at z = -500 km. It is apparent that a weak flux tube 
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evolves into an intense flux tube as reported by Takeuchi (1993). After the collapse 

(t > 1000 s), however, the temperature and the magnetic flux density differences 

decrease slowly with time, due to the radiative heat exchange. It means that an 

intense flux tube, formed by the collapse, evolves slowly into a weaker tube. How

ever, Schiissler (1990) estimated the life time of an intense flux tube 30 ..... 60 min, 

which is much shorter than the time scale of the subsequent evolution. Thus, the 

intense flux tube, formed by the collapse, does not change so much in the life time. 

Therefore, our results suggest that an actual photospheric flux tube is probably 

created by the convective instability. 
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Fig.I. Time variations of the velocity v, the temperature difference b..T, and the magnetic 
fiux density difference b..B at z = -500 km. 
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A GENERAL CODE FOR MODELING MHD FLOWS 
ON PARALLEL COMPUTERS: 
VERSATILE ADVECTION CODE 

GABOR TOTH 

Sterrenkundig Instituut, Utrecht University 
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E-mail: toth@fys.ruu.nl 

Abstract. A general tool for solving MHD and hydrodynamical problems 
typical of astrophysical applications is designed and implemented. The code 
allows the user to solve a hyperbolic system of partial differential equations 
with a variety of modern high resolution numerical schemes on 1, 2 or 3D 
non-uniform Cartesian grids with slab or axial symmetry. The equations 
may contain fluxes and source terms. The boundary conditions can be cho
sen from a number of implemented types, - fixed, periodic, reflective or 
"free" - but the code is structured in a manner that allows the user to 
write his/her own subroutines for a new type of boundary condition, or 
even to implement a new set of equations. The choice of algorithms allows 
the user to find the optimal one for the application at hand and/or to com
pare results of different schemes thus gaining insight into the numerical 
effects. An emphasis is put on independence of computer platforms. Effi
ciency of the code is also a high priority, the options available for the user 
should not compromise the performance. 

The Versatile Advection Code is under development, but it has already 
reached a stage when it can be used for scientific research. Since the same 
source code is used for 1,2 or 3D simulations, a special purpose preprocessor 
translates the dimension-independent notation into standard Fortran 90. I 
chose Fortran 90 because it is becoming the language of scientific computa
tion, it expresses parallelism clearly, and it is fully compatible with Fortran 
77. At the moment, however, Fortran 90 compilers are not yet available 
for many computers, thus the code can be translated to Fortran 77. For 
parallel computers ADAPTOR, a freely distributed software by Brandes, 
can also produce the necessary message passing. It is also possible to trans
late the Fortran 90 code to CMFortran, the data-parallel language of the 

471 

Y. Uchida et al. (eds.), 
Magnetodynamic Phenomena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 471-472. 
© 1996 Kluwer Academic Publishers. 



472 

Connection Machine. Simple Perl scripts and a makefile take care of the 
precompilation procedure. 

The modular structure of the code allows for a choice of the equations 
to be solved, at the moment four systems of equations are available: the 
Euler equations of compressible hydrodynamics with adiabatic or full en
ergy equation, and the ideal/resistive MHD equations with isothermal or 
full energy equation. The number of spatial dimensions and the number of 
components for the vector variables (e.g. velocity and magnetic field) may 
have 6 different combinations for each system of equations. 

At present three algorithms are available for solving the differential 
equations. The Flux Corrected Transport (FCT) scheme by Boris and Book 
and its later variation by OdstrCiI, a Total Variation Diminishing (TVD) 
scheme with a Roe-type Riemann solver, and a Lax-Friedrich type TVD 
scheme with no Riemann solver. Both TVD schemes can use different lim
iters. The TVD schemes were extensively discussed and developed by Vee. 
All schemes are explicit, they are able to follow shocks and other discontinu
ities as well as smooth flows accurately. The methods differ in their abilities 
to resolve contact discontinuities, to suppress unphysical oscillations, and 
in their robustness to handle extreme situations. For MHD calculations the 
divergence of the magnetic field may be forced to remain zero by a pro
jection scheme. The user can select among the available options by setting 
switches in a parameter file. The initial conditions are created by a sep
arate program, VACINI. The user is not limited by the existing options, 
new subroutines may be added, or the initial file can be created by other 
means. 

The code has been extensively tested (T6th and Odstrcil1995) on stan
dard numerical tests. In spite of its general design, VAC is faster than or 
as fast as other less general codes, the comparisons were made on a DEC 
Alpha work station. VAC has successfully run on DEC 5000 and Cray 
C90 computers compiled in Fortran 77, and on Connection Machine 5 us
ing CMFortran. Tests on other parallel machines with message passing are 
planned for the near future. The algorithms will be generalized and devel
oped further. Non-Cartesian grids and implicit methods are the two major 
extensions that are planned. 

For more information on this project please contact the author. 
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A REGRIDDING ALGORITHM FOR HIGH RESOLUTION 

HYDRODYNAMICS OF FLARING CORONAL LOOPS 

R. M. BETTA, G. PERES, S. SERIO AND F. REALE 
Istituto ed Osservatorio Astronomico di Palermo, 
Piazza del Parlamento 1, 90134 Palermo, Italy 

As part of the upgrade of the Palermo-Harvard hydrodynamic code 
(PHHC) of coronal loops (Peres et aJ. 1982), we have devised a regridding 
algorithm which provides high resolution in the whole loop and, in particu
lar, in the very thin transition region. Most hydrodynamic flare loop models 
used so far lack this feature which, however, is important for the accurate 
determination of mass, momentum and energy balance between the chro
mosphere and the corona, as well as the correct calculation of EUV line 
emission. The latter is mostly emitted in the transition region and yields 
crucial diagnostics of loop plasma structure and dynamics. 

The PHHC solves the equations of mass, momentum and energy conser
vation of the plasma from the chromosphere to the corona confined inside 
a coronal loop, and includes crucial physical effects, such as thermal con
duction, radiative losses, the ionization of hydrogen, the presence of gravity 
and viscosity, and a transient heating term, triggering the flare. The initial 
conditions are hydrostatic; for more details see Peres et aJ. (1982). 

Our regridding algorithm grants that: i) the fractional jump of temper
ature, density and pressure between two adjacent points is less than a pre
scribed small value (typically 10%); ii) the grid is regular, since numerical 
errors arise when cell sizes vary abruptly along the grid (Betta 1995 and 
references therein). The spatial grid is continuosly monitored and, when 
nedeed, modified so as to fulfill the above requirements and therefore to 
solve numerically the hydrodynamic equations with significant accuracy. 

In the grid the cell size decreases according to a geometric progression 
from the loop base (in chromosphere) to the transition region, where we 
adopt a small uniform grid; the cell size increases again according to a 
geometric progression from the base of the transition region to the apex of 
the loop, in corona. The code automatically chooses the smallest cell size 
and the ratios of the geometric progressions in order to satisfy conditions 
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Figure 1. Comparison among the light curve of the flare on Nov 12, 1980 at 17:00 UT 
observed by the UVSP /SMM (solid line) in the line 0 V at 1371 A(Chen & Pallavicini 
1988) and the light curves synthesized with the results of the PHHC from the spectral 
models of Raymond & Smith (1977) (dotted line) and Landini & Monsignori Fossi (1990) 
(dashed line). 

i) and ii). A check is performed at every time-step to ascertain whether 
the condition i) is satisfied, else the grid is modified. Thus we grant a high 
resolution even of the transition region in spite of its rapid motion and 
steepenig during a flare. 

We have chosen a well-studied flare, the one observed by SMM on Nov. 
12 1980 at 17:00 UT, to show how the better grid resolution can improve 
the predictions on hydrodynamics and on spectral emission. 

The fitting of the X-ray lines light curves in practice confirms the re
sults of Peres et al. (1987) although with a much lower numerical noise. 
No similar analysis had been done for EUV lines, because only the present 
version of the code allows to resolve the temperature range of line forma
tion necessary to synthesize the emission from the plasma in the transition 
region. We report in Figure 1 the flux observed by the Ultraviolet Spectrom
eter on SMM in the line 0 V, at 1371 A(maximum temperature formation 
rv 2 1Q5K, i.e. in the transition region), compared with that predicted by 
our simulation with two different spectral synthesis models and the model 
flare parameters for the top-heated flare as in Peres et al. (1987), Figure 4. 
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ROTATION AL MODULATION OF Ha EMISSION IN RS CVN 

SYSTEMS 

A. FRASCA, S. CATALANO, E. MARILLI 
Osservatorio Astrofisico di Catania 
Viale A. Doria 6, I-95125 Catania, Italy 

The spectroscopic Ha observations of five RS CVn systems (UX Ari, 
HR 1099, Z Her, HK Lac, RT Lac) and of the contact system VW Cep 
here discussed were obtained in 1989, 1990, 1991, 1993 and 1994 with the 
91-cm telescope at the Serra La Nave station (Mt. Etna, 1750 m a. s. 1.) 
of the Catania Astrophysical Observatory. The spectra recorded on a CCD 
camera (Bonanno and Di Benedetto, 1990) were obtained with the REOSC 
echelle spectrograph in the single-mode configuration and in the echelle
mode configuration yielding a resolution of 1. 7 A and 0.46 A respectively. 

The Ha emission in the program star spectra has been evaluated by 
making a careful subtraction of a synthetic spectrum, built up by a weighted 
sum of inactive-star spectra (Frasca and Catalano, 1994). The synthetic 
spectra were defined by taking into account the relative Doppler shifts due 
to the orbital motion of the two components and the rotational broadening 
of the Ha profiles whenever it was larger than the instrument spectral 
resolution. 

The net Ha equivalent width (WHa), obtained integrating the flux in the 
difference spectra, displays, in most cases, noticeable variations correlated 
with the orbital phase. Amplitude and mean level changes in the Ha "light 
curves" are frequently observed. 

A rough reconstruction of the chromospheric surface structures has been 
made analyzing the Ha "light curves" by means ofthe BINARY MAKER pro
gram (Bradstreet, 1993), adopting a hot-spot model. A constant emission 
flux ratio of plages and quiet chromosphere (Fplage/F chrom) for a given star 
in the different years, allowing the quiet chromospheric level to vary, has 
been assumed. This allows us to look for a geometrical solution where the 
size of the "bright spots" is only indicative and may give only some ev
idence on the changes of configuration from year to year. The solutions 
essentially locate the plages, with a reasonable constraint on the longitudes 
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of the major active regions. Results of the solution for the better observed 
systems are summarized in Table 1. 

TABLE 1. Parameters of the HQ' plages 

System Plage Radius Lat. Long. ~ 
F chrom 

UX Ari (1994) 1 30° _20° 275° 6.8 

" " 2 25° 60° 350° 6.8 

HR 1099 (1989) 1 23° 10° 20° 6.0 

HR 1099 (1994) 1 20° _10° 140° 6.0 

" " 2 25° 40° 70° 6.0 

HK Lac (1989) 1 30° 30° . 35° 6.8 

" " 2 30° 30° 165° 6.8 
HK Lac (1990/91) 1 30° 30° 35° 6.8 
HK Lac (1993) 1 15° 70° 60° 6.8 
HK Lac (1994) 1 25° _15° 30° 6.8 

The evolution of the active regions is clearly seen on HR 1099 and 
HK Lac. This latter system, in particular, displays in 1993 a minimum 
mean level and a smaller amplitude. It is worthy to note that only one of 
the two plages needed to fit the wide and flat 1989 curve seems to survive, 
at the same position, in 1990. 

As a progress report on a wider program at the Catania Observatory, 
we have shown that continuous Ha monitoring of active systems is a very 
useful tool for studying the activity evolution at chromospheric level. Al
though Ha emission model calculation would provide physical parameters 
of chromospheric plages, the simple geometrical solution is able to give some 
idea of the complex structure of chromospheric active regions. 
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RADIO AND X-RAY EMISSION IN STELLAR MAGNETIC 

LOOPS 

E. FRANCIOSINI AND F. CHIUDERI DRAGO 

Department of Astronomy and Space Science, 
University of Florence, Italy 

In this paper we present a model of a magnetic loop in an RS CVn active 
star, in which a distribution of nonthermal particles is episodically injected 
in the local thermal plasma and then evolves in time due to the effect of 
collision and radiative losses. Preliminary calculations in the simplifying 
assumption of a uniform source with constant magnetic field have shown 
that this model can explain the observed characteristics of the flaring and 
quiescent radio emission of RS CVn stars (Chiuderi Drago & Franciosini 
1993). Here we consider a more realistic magnetic configuration, assuming 
that the source is a dipolar magnetic loop connecting two starspots on the 
stellar surface. In the evolution of the particle population also the electrons 
escaping into the loss-cone are taken into account, and in the calculation of 
the radio spectrum the free-free emission and absorption by the background 
thermal plasma and the Razin effect are considered. The main parameters of 
the loop, sunspot dimension and maximum photospheric field, are derived 
from optical observations, while the thermal plasma density is left as a 
free parameter. A more detailed description of the model can be found in 
Franciosini & Chiuderi Drago (1995). 

The computed radio emission, at different times after the injection, re
produces very well the observed common characteristics of the radio spec
tra of the flaring and quiescent emission observed at different epochs. A 
comparison of the results with the observed luminosity-spectral index cor
relation found by Mutel et al. (1987), however, shows that the agreement 
with the observations can be achieved only if the thermal plasma density 
is lower than N 107 cm-3• The calculations also show that the structure of 
the radio source evolves with time from a core-halo soon after the flare to a 
halo after a few days (Fig. 1) in agreement with VLBI observations (Mutel 
et al. 1985, Massi et al. 1988). 
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Figure 1. Brightness distribution of the source at II = 5 GHz, computed at the flare 
time (a) and after 6 days (b), for a loop with spot radius of 20° and spot separation 
of 90°. Isocontours are at 5 x 10-10 , 10-9 , 2 X 10-9 , 5 X 10-9 , 10-8 , 2 X 10-8 and 
4 x 10-8 erg cm -2 s -1 Hz -1 sr -1; the highest brightness contour has been shadowed for 
the sake of clarity. The cross indicates the distance of the companion when the system 
is in quadrature. Note that the ratio between the highest and lowest intensity contour is 
a factor of 80 at t=o and only 4 at t=6d • 

The emission measure, derived from the loop's volume and the above 
mentioned upper limit for the thermal plasma density, is in agreement with 
those inferred from the X-ray observations of these type of stars, indicating 
a possible co-spatiality of the two emissions. 
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CORON AL PROPERTIES OF NEARBY OLD DISK AND HALO 

DM STARS 

G. MICELA AND S. SCIORTINO 

Istituto e Osservatorio Astronomico di Palermo, 90134, Italy 

AND 

J. PYE 
Department of Physics and Astronomy, University of Leicester, 
Leicester, LE1 7RH, UK 

We present preliminary results of the analysis of PSPC pointed obser
vation program and archive data of nearby old disk and halo M stars. Our 
sample consists of 7 M stars classified as Halo (H) or Old-Halo (O/H) by 
Leggett (1992) plus 4 Old Disk (OD) stars. We have included in our sample 
also the OD K4 star GJ845. 

Since all stars are pointed targets, X-ray source counts are evaluated 
in a 2' radius circle, while background counts are measured in an annulus 
centered on the source with internal and external radii of 2.5' and 3', re
spectively. For GJ 595 we have masked source and background regions to 
exclude the contribution of two nearby intense sources. 

For each of the detected stars we have obtained light curves with dif
ferent time binning. All stars observed with high counts statistics show 
variations with amplitude up to a factor 2-3 on time scales larger than a 
few thousand of seconds. In general, the temporal gaps in the data flow 
within a single observation prevent us from constraining the characteristics 
of the variability. 

We have evaluated the hardness ratio defined as H R = ~+~ where S 
and H are the number of photons collected in SASS channels 3-10 and 11-
30, respectively. With this definition, following Schmitt et al. (1995) we have 
computed the conversion factor from counts to flux to evaluate the X-ray 
luminosity. Resulting flux and luminosity, evaluated in the (0.16-2.4) keY 
bandpass, are reported in table 1. Upper limits for undetected stars have 
been evaluated assuming a conversion factor equal to the mean of the values 
adopted for the other stars in the sample. A comparison of our and Schmitt 
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TABLE 1. X-ray Luminosity for sample stars 

GJ HR Conversion Count Ie logL. 
factor Rate erg ,-I cm-2 erg ,-I 

1 -0.658 4.8e-12 0.01822 8.7ge-14 26.33 
191 -0.607 5.1e-12 0.05402 2.75e-13 26.69 
191 -0.712 4.5e-12 0.02557 1.16e-13 26.32 
213 -0.886 3.6e-12 0.00646 2.33e-14 26.01 
299 (5.3e-12) <0.00611 <3.22e-14 <26.25 
398 -0.066 8.0e-12 0.20882 1.66e-12 28.57 
406 -0.173 7.4e-12 0.23823 1.76e-12 27.08 
595 (5.3e-12) <0.00733 <3.87e-14 <26.58 
699 -1.000 3.0e-12 0.02122 6.3ge-14 25.41 
821 -0.705 4.6e-12 0.00616 2.82e-14 26.60 
845 -0.591 5.2e-12 0.51985 2.6ge-12 27.58 
866 -0.335 6.5e-12 0.29667 1.94e-12 27.43 
887 -0.565 5.3e-12 0.20675 1.10e-12 27.21 

et al. (1995) data points on the Lz-H R plane (cf. their fig.5 ) shows that our 
Population II stars tend to occupy the lower part of the envelope defined 
by nearby stars. It is worth noting that the hardest star (GJ 398) is also 
the most X-ray luminous. Fleming et al. (1995) do not find any difference 
between the behavior of kinematically young and old disk stars in their 
sample. Our old disk stars fall in the body of their distribution, while halo 
stars seem to cluster in the lower part of the envelope of their diagram. We 
have performed spectral fits for all the program stars with enough count 
statistics using the xspectral package inside PROS. In all cases we obtain 
acceptable fits and the residuals do not show systematic behavior. Hence 
double temperature fits for these stars are not required. Only for GJ 821 
the residual distribution seems to require a high temperature component, 
however the limited count statistics does not warrant to perform a two
temperature fit. The derived coronal temperatures are of the order of 1-2 
106 K, indicating that the coronal emission of these stars is softer than that 
of active dM stars reported by Schmitt et al. (1990). 
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SPECTRAL AND SPATIAL STRUCTURE OF 11 CARINAE 

YOHKO TSUBOI, KATSUJI KOYAMA 
Department of Physics, Faculty of Science, Kyoto University 
Kitashirakawa-Oiwake-Cho, Sakyo-ku, Kyoto 606-01, JAPAN 

AND 

ROBERT PETRE 
Laboratory for High Energy Astrophysics, NASA/GSFC 
Greenbelt, MD 20771, USA 

1. Introduction 

We present the ASCA results on the peculiar star 11 Carinae (here 11 Car) 
in the center of the Carina Nebula .. The observation was done for 40 ksec 
on 1993 August 24-25 with two Solid-state Imaging Spectrometers (SISO, 
SIS1) and two Gas Imaging Spectrometers (GIS2, GIS3). In this region, 
three early type stars and diffuse emission from the Carina Nebula are 
visible as well as 11 Car, but, we concentrate on 11 Car here. 

2. Spectral Analysis 

The background subtracted spectrum of 11 Car is given in Figure 1. The 
strong emission line at '"'-'6.7 keY, the energy of the K shell transitions from 
He-like iron, indicates the presence of a low density plasma at a tempera
ture of several ke V. The local flux minimum at '"'-' 1.5 ke V is indicative of 
the presence of two spectral components, one hot and heavily absorbed, 
the other with lower temperature and less absorption (Chlebowski et al. 
1984; Koyama et al. 1990). We therefore fitted the spectrum using a two
temperature coronal plasma model (Raymond & Smith 1977), but this left 
a substantial excess residual at ",0.5 keY, while the model provided a rea
sonable fit above '"'-'0.7 keY. This structure could either be due to: (1) an 
additional, cooler plasma component; (2) an absorption edge due to neutral 
oxygen; or (3) line emission at '"'-'0.5 keY. As for (3), the most probable line 
is Ly a of nitrogen at 500 eV. After fitting the data with each model, we 
found that the model with an extreme over-abundance of nitrogen (larger 
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Figure 1. X-ray spectrum of 1'/ Car 

than the solar by more than 100 times) is the best description of the data 
(the abundances of other elements were fixed to solar values). This is the 
first X-ray evidence of the enrichment of CND-processed material in an 
evolved massive star. 

3. Spatial Analysis 

In order to investigate the spatial distribution of the high and low tempera
ture components and the 0.5 ke V line, we constructed azimuthally-averaged 
radial surface brightness distributions in the 0.4-0.6 keY, 0.7-1.4 keY and 
2-10 keY bands. After subtracting the diffuse emissions from the Carina 
Nebula as a background, we fitted the radial profile with a model of the 
point spread function (PSF), made from the point source 3C 273. The 2-
10 keY data agree well with the PSF model; hence we infer that the high 
temperature component is consistent with a point source; probably 'f/ Car 
itself. The 0.7-1.4 keY data, on the other hand, a.re more extended than the 
PSF and therefore the high temperature component as well. This implies 
that the emission likely arises from the ejecta of past outbursts. The limited 
statistics in the 0.4-0.6 ke V band prevents us from being able to constrain 
its extent, but its profile appears more simila.r to the soft component than 
the hard. 
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COMPARISON OF HIGH RESOLUTION OPTICAL AND SOFT 

X-RAY IMAGES OF SOLAR CORONA 

A. TAKEDA, H. KUROKAWA, R. KITAI AND K. ISHIURA 
Kwasan and Hida Observatories, Kyoto University, Kamitakam, 
Gifu 506-13, Japan 

AND 

L. GOLUB 

Harvard-Smithsonian Center, 60 Garden Street, Cambridge, 
MA02138, U.S.A. 

We report a brief result of comparing high spatial resolution images 
of the innermost corona observed at several visible wavelengths and in 
soft X-rays. The optical images were obtained during a total solar eclipse, 
at around 19:00 UT on 11 July 1991, by a Kyoto university team. The 
observed wavelengths are three coronal forbidden lines (FeXIV:530.3nm, 
FeX:637.4nm, and CaXV:569.4nm), HI:656.3nm, and continuum arround 
610.0nm. (Kurokawa et at., 1992, Takeda et at., 1994) Soft X-ray images 
were taken by the Harvard-Smithsonian group utilizing the Normal Inci
dence X-ray Telescope' (NIXT), from 17:25 to 17:30 UT. It is sensitive to 
the temperature from 1M to 3MK, due major contribution from MgX and 
FeXVI coronal lines. (Golub et al., 1989) 

East and west limb images at different wavelengths are shown in Fig.l. 
Fig.2 illustrates the intensity variation of the east limb images. Comparisons 
among these images and the plots shows: 

(1) The NIXT image most resembles the green line (530.3nm) image. The 
distribution of brightness as well as the prominent structures are quite 
similar in the two images. 

(2) A general coincidence between the NIXT and the 637.4nm images is 
seen only along the innermost part of the corona. The red line image is 
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Figure 1. The images of the 11 July, 1991 solar corona on the east limb (left column) 
and the west limb (right column), observed at soft X-ray, the green line, the red line, 
and continuum (from top to bottom). Photographic film densities are transformed into 
relative intensities, and spatial scale between the NIXT and optical images are fitted 
using the data of the solar and lunar radii of the eclipse day, reported by Japanese 
Hydrographic Department. 

low background, and is composed of many thin loops most of which are 
invisible in the NIXT image. 

(3) The global features of the continuum images are similar to those of 
the green line images. The NIXT image, therefore, resembles the 
continuum image as well. But the continuum image is more diffuse than 
the other images except in some prominences. The yellow line images 
show no prominent structure in the 11 July, 1991 corona. 

NIXT has peak temperature response between 1M- 3MK, while 530.3nm, 
637.4nm, and 569.4nm images represent 1MK, 2MK, and 3.5MK plasma, 
respectively. Good coincidence between the NIXT and the green line image 
indicates that plasma of 2MK is dominant in the observed active regions. 

According to Yohkoh data analysis, typical quiescent coronal loops ob
served with SXT are reported to have temperatures of more than 3MK 
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Figure 2. Intensity variation of the east limb images parallel to the limb at height about 
40000km (bottom right panel). Solid lines of top left, bottom left, and top right panels 
show plots of absolute intensities, in logarithmic scale, of the green line, the red line, and 
continuum images, respectively. Units are in (erg s- l str- 1cm- 2 ) for the green and the 
red lines, and in (erg s-lstr- 1 em -2 A -1) for continuum. Dotted lines in these panels are 
relative intensities of the NIXT image, and vertically shifted to be easily compared with 
the other curves. 

(Kano et ai., 1995). The lack of yellow line emission and the dominance 
of 2MK plasma component in our observation, however, show the general 
existence of coronal structures not above but below 3MK. 
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LARGE-SCALE ARCADE FORMATION ON MAY 15, 1992 

AND ITS INTERPLANETARY CONSEQUENCE 

Y. NAKAGAWA AND T. WATANABE 
Department of Earth Sciences, Ibaraki Univ., Mito 310 Japan 
H. HUDSON 
Institute for Astronomy, Univ. of Hawaii, Honolulu, Hawaii 
96822, U.S.A. 

AND 

M. KOJIMA 
STELAE,Nagoya Univ., Toyokawa 442, Japan 

A high-latitude SXR arcade was formed in the northern hemisphare of 
the Sun on May 15,1992, from 03h to 22h UT (Fig. 1). In the cource of ar
cade formation, the area of a coronal hole located immediately to the south 
of the arcade was quickly decreaced in 23 hours. Decreacing of the area of 
the coronal hole is seen both in Kitt Peak He I 10830A images (Fig. 2) 
and in YOHKOH SXR images. This means that the decreacing of the area 
of coronal hale was not caused by a projection effect of three-demensional 
coronal strucrures. The upper frame of Fig. 3 shows the temporal variation 
of the average brightness in an area which coveres the brightest portion of 
the arcade (shown by the square in Fig. 1). The lower frame of the same 
figure shows that of the coronal hole's area. The increace of the bright
ness of the arcade and decreace of the coronal hole's area started nearly 
at the same instance. It is suggested that the large-scale change in coro
nal hole geometry triggered the arcade formation. In interplanetary space, 
a transient increase in the solar wind up to 707 km/sec was observed by 
IPS of 0221+07 at 0.31AU from the Sun, at 17 UT of May 16, 1992, and 
an SC of geomagnetic storm was observed at 20:21 UT on May 18, 1992. 
The average speed of the disturbance between the Sun and the Earth is 
about 530 km/sec. It is suggested that the interplanetary disterbance was 
generated by grobal change in large-scale magnetic structures including the 
decreacing of coronal hole's area and associated formation of the arcade. 
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Figure 1. An example of Yohkoh SXT image (negative) of the large-scale arcade near 
the north pole of the Sun taken at 08:41:23 UT on 15 May, 1992. The Square shows the 
area in which the averaged SXR brightness of the arcade is estimated. 

Figure 2. Kitt Peak He 110830 Aimages taken at 15:21:UT on 15 May, 1992(left) and 
15:24 UT on 16 May, 1992 (right), respectively. The coronal hole bounderlies are shown 
by thick lines. 
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Figure 3. Temporal variations of averaged SXR brightness of the arcade (upper) and 
that of the coronal hole's area(lower). The averaged brightness is estimated in the area 
which shown in Fig. 1. 



Observations of a Quiescent Prominence Straddling the 
Solar Limb during the Total Eclipse of 11 July 1991 

v. GAIZAUSKAS1, E. DE LUCA2, L. GOLUB2, H. P. 
JONES3, AND L. NOVEMBER4 
IHerzberg Institute of Astrophysics, National Research Council of 
Canada, Ottawa, Canada KIA OR6 
2Smithsonian Astrophysical Observatory, Harvard-Smithsonian Center 
for Astrophysics, Cambridge, MA 02138, USA 
3NASAlGSFC, SW Station, Box 26732, Tucson, AZ 85726-6732, USA 
4NSOISacramento Peak, Box 62, Sunspot, NM 88349, USA 

The following instruments viewed a prominence straddling the SW limb during the 
total eclipse of 11 July 1991: the Normal Incidence X-ray Telescope (NIX1) launched 
on a NASA sounding rocket at White Sands, New Mexico; a 70 mm cine camera with 
broad-band red filter at the prime focus of the Canada-France-Hawaii Telescope 
(CFHT); the NASA/NSO spectromagnetograph at Kitt Peak; and the Ha-scanning 
photoheliograph at the Ottawa River Solar Observatory (ORSO). Only the CFHT was 
in the path of totality; the prominence and overlying corona filled the field of view of 
its 70 mm camera (Koutchmy et aI., 1994). The other instruments viewed the entire 
uneclipsed surface by scanning (NSO, ORSO) or in single exposures (NIX1). 

The digitized photographs (CFHT, NIXT, ORSO), the NSO magnetogram, and the 
NSO He10830 spectroheliogram were scaled (1.3"/pixel) and oriented to the NIXT 
image as the common base. Widely spaced (> 8') bright and compact features in a 
composite Ha image of the SW quadrant served to align the Ha and X-ray images to 
± 1 pixel. A single notch in the prominence standing above the limb fixed the CFHT 
and ORSO images to ± 2 pixels. 

Figure 1 portrays the prominence in aligned Ha, NIXT, and CFHT images. A sharp 
dark lane in the background of low-level X-ray emission coincides with the 'spine' of 
the Ha fIlament - a narrow dark ridge down its S side. Is the dimming due to reduced 
heating andlor a smaller effective density scale height in a filament channel where 
transverse magnetic fields might suppress dynamic effects (e.g., Bastian et al., 1993)? 
We see a channel at HCt.±O.6 A. persisting for a week before the eclipse as an elongated 
void in the network formed by bushes of spicules and fibrils beside this fIlament. But 
the S edge of the void is 9" N of the Ha spine, well beyond our range of error. 
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Pig. 1: - Digitally enhanced Ha, soft X-ray and white-light images (left to right) eX a low prominence 
straddling the SW limb during the eclipse eX 11 July 1991. The white-light prominence has been blacked out 
so that details will stand wt in and beneath the overlying arcade of loops. Each field eX view is 314 "x314". 

Also, a narrow dark arch in the X-ray image overlaps the portion of the Ha filament 
above the limb (Figure 1). X-ray emission just above and below the arch indicates 
obscuration of a source beyond the limb. We conclude that strands within the 
prominencelftlament are absorbing soft X-rays. 

From the well-resolved change of X-ray flux across the darkest part of the dark lane 
we estimate of a minimum column density of 6 x 10 19 neutral hydrogen atoms in the 
line of sight From the geomeUical properties of the ftlament, derived during its disk 
passage and at both limb transits, we calculate a volume density of (a) 3 x 10 10 if the 
absorbing path extends from the top of the mament down to the top of the 
chromosphere, or (b) - 10 11 if the path extends no deeper than the width of the spine. 

The bright southern tail of the white-light prominence (Figure 1) has no counterpart in 
either Ha or soft X-rays. We speculate that the plasma in that feature is either too hot 
or too cold to be visible in Hex or X-rays. The darlc void above the blacked-out white
light prominence, presumably a 'filament cavity', bears no simple relationship to either 
the prominence below or to the arcade of loops above. 

A full version of this paper is being submitted to The Astrophysical Journal. 

The NIXT sounding rocket program is supported by NASA Grant NAGW-4081 to the 
Smithsonian Institute. 
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YOHKOH SXT OBSERVATIONS OF PROMINENCE ERUPTION 

AND DISAPPEARANCE 

H. TONOOKA, R. MATSUMOTO AND S. MIYAJI 

Dept. of Physics, Chiba Univ., Chiba 263, Japan 

S. F. MARTIN 

Helio Research, La Crescenta, CA 91214, USA 

R. C. CANFIELD AND K. REARDON 
Univ. of Hawaii, Honolulu, HI 96822, USA 

A. MCALLISTER 

NOAA Space Enviroment Lab., Boulder, CO 80303, USA 

AND 

K. SHIBATA 

National Astronomical Observatory, Mitaka, Tokyo 181, Japan 

The aim of this paper is to study the mechanism of the disparition 
brusque, i.e., the sudden disappearance of a prominence (e.g., Tandberg
Hanssen 1995 ) observed with an Ha limb filtergraph and compare Yohkoh 
SXT and Ha observations. 

Although there have been some studies of eruptive prominences using 
the Yohkoh SXT data (see, e.g., McAlister et al. 1992 ), no systematic 
study has yet been done. Specifically, this is the first study examining the 
category known as quasi-eruptive prominence. 

Using prominence data from the Ha limb filtergraph of the Mees Solar 
Observatory, it has been verified that there exist at least three categories 
of prominence eruptions or disappearances. The most common category is 
the eruptive prominence in which some of the filament mass is injected into 
the high corona and is thought to escape the sun while the remainder of 
the mass falls back to the chromosphere. The second category is the quasi
eruptive prominence in which the prominence begins to rise bodily, similar 
to a complete eruption, but all of its observable mass in Ha flows to the 
chromosphere near or beyond the apparent ends of the prominence. The 
third is the disappearing prominence in which the mass drains out of the 
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prominence without any evidence of either slow ascent or eruption. The 
latter two categories are thought to be relatively rare. 

We picked 12 disparition brusque cases using observations in Ret from 
the data of Mees Solar Observatory. We categorize 8 of them as eruptive 
prominences, 2 as quasi-eruptive prominences, and 2 as disappearing promi
nences. Comparing the Ret images with the data observed by Yohkoh SXT, 
we found the following. (1) Some structural changes are found in soft X-ray 
images in all of the eruptive and quasi-eruptive prominences. On the other 
hand no structural changes in the soft X-ray images were found in the cases 
of disappearing prominences. (2) In the case of quasi-eruptive prominences, 
structural changes in the soft X-rays above the prominence were found 
even after the prominence had stopped rising. (3) At the beginning of one 
of the prominence eruptions, we found that the region of the prominence 
had weaker soft X-ray emission than its surroundings. 

16:28:27 
AIMg 

18:20:07 
AIMg 

19:37:27 
AIMg 

Figure 1. Coaligned SXT AIMg and Mees HO' coronagraph images. Top images are the 
HO' intensity with soft X-ray contours, bottom images are the opposite. This is a typical 
example of a quasi-eruptive promince. The sequence shows a system of overlying soft 
X-ray loops (16:28:27) that disappear as the HO' prominence erupts into them. In the 
final image (19:37:27) two new system of loops are seen on either side of the prominence. 
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POLAR X - RAY ARCADE FORMATION AND GIANT CUSP 

K. FUJISAKI, H. OKUBO, Y. UCHIDA, S. HIROSE AND S. CABLE 
Department of Physics, Science University of Tokyo, 
Shinjuku-ku, Tokyo 162, Japan 

AND 

S. TSUNETA 
Institute of Astronomy, University of Tokyo, 
Mitaka 181, Tokyo, Japan 

The pre-event structure and its change in the polar arcade formation 
event of February 24-25, 1993 are examined. The pre-event coronal struc
ture was a double bipolar array (or a quadruple array) type, with the middle 
region having a mixed photospheric magnetic polarity. A bundle of longi
tudinal threads ("spine") in soft X-rays rose with a tooth-brush type foot 
connections, and the arcade formation progressed westwards in time. The 
westmost part of the "spine" ballooned up, and the shape finally took a 
form like the giant cusp of Jan 25, 1992. Alerted by this, we examined the 
latter event in detail. We found that the giant cusp, against the expecta
tion from the classical model, showed its southern foot remaining on the 
visible disk, whereas the main body of the cusp took place near or beyond 
the limb. These suggest that, contrary to the conventional interpretation, 
it may just have formed from a swollen "spine" structure similar to that of 
the Feb 25, 1993 event. 

A circum polar arcade formation is considered to be of the same kind of 
process as energetic arcade flare, but occurring in much weaker magnetic 
field having much larger scale in the circum polar region. Scruting of faint 
events of this type, and the fainter pre-event structures and their changes 
have been made possible for the first time by Yohkoh. We take up one 
typical event of this type, February 24-25, 1993, observed with Yohkoh
SXT, and discuss the detail of the process from the pre-event structure to 
the final product of the process. This polar arcade formation occurred near 
the south pole at 17:50 UT, Feb 24, 1993 - 11:40 UT, Feb 25. 
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Figure 1. (a) Pre-event coronal structure showing intermingled two arcades. (b),(c) 
Time development of the formed polar arcade. 

The faint background loop structure existed in a pre-event area is shown 
at around 75° south in Fig.1 (a), together with the later time development 
in Fig.1 (b) and (c). Kitt Peak magnetogram and the Big Bear Ha picture, 
rotated precisely to the time of the soft X-ray loops, show that the dark 
filament coincided in projection with the region where the X-ray loops 
in the pre-event showed some twin arcades side-by-side, having a crossed 
intermingled feet in the middle. The magnetogram rotated to the exact 
time suggested that the region in the middle has a mixed polarity on both 
sides of the polarity-reversal line in the averaged field. The structure in the 
middle region is apparently not an arcade whose top part sags as a result 
of the weight of the dark filament mass loaded at the top of the otherwise 
convex loops, but seems to be loops connecting the outer sources to the 
opposite polarity in that region of mixed polarity in the neighborhood of 
the polarity-reversal line. 

In Fig.1 (b) and (c), there appeared a bundle of bright threads along 
(somewhat shifted because it was high above the region) the polarity
reversal line, showing a "tooth brush" type connections to the photosphere. 
The "spine", a bundle of such threads, rose, and the brightening progressed 
towards the west. The "spine" progressively ballooned up at its west end, 
and finally formed a large protruding arch than opened at its top, just like 
the giant cusp observed on Jan. 25, 1992. It is clear in this event that the 
cusp-like feature was not a reconnecting arch. 

We therefore re-examined the Jan. 25, 1992 giant cusp formation (Hiei 
et al. 1994) in comparison with simlar event or the Feb. 24-25, 1993. One 
conspicuous point was that the giant cusp showed its southern foot on the 
visible disk while it was forming. This is conspicuous because the main 
body of s cusp was rooted in a region that hail already rotated beyond the 
west limb. This suggests that the giant cusp we saw on Jan. 25, 1992 may 
have been a phenomenon of the same type as the Feb. 24-25, 1993 event 
which show the remnant of the "spine" (Fig.1(c)), rotated to the limb. 



THE SKEW OF X-RAY CORONAL LOOPS 

OVERLYING Ha FILAMENTS 

S.F. MARTIN l AND A.H. MCALLISTER 
High Altitude Observatory 
PO Box 3000, Boulder, CO 80307. 

The basic magnetic structure surrounding photospheric magnetic in
version lines, where filament channels have developed, is comprised of ax
ial fields along the inversion zone and overlying coronal arcades [Martin, 
1990J. The overlying arcade is thought to be a necessary condition for the 
development of the axial fields of filament channels [Martin, 1 990J. The for
mation of filament channel axial fields is evidenced by the alignment of the 
chromospheric fibrils and is known to be a condition for the formation of 
filaments [Martin, 1990J. Observations have recently led to a general empir
ical model of Ha filament channels [Martin, Bilimoria and Tracadas, 1994J 
and filaments [Martin and Echols, 1994J. One of the significant features of 
this model is that filaments and filament channels fall into two categories, 
having "dextral" and "sinistral" chirality, recognizable by the systematic 
orientation of the "barbs" along their two sides. Viewed along the axis, and 
away from the observer, a filament is called dextral or sinistral when the 
barbs veer to the right or the left, respectively, away from the filament axis. 

The coronal arcades over the axial fields of the filament channels are 
often observable in soft x-rays, especially following filament eruptions. One 
of us (ARM) observed that the changing orientation of the loops during 
dynamic events has either a clockwise or counterclockwise sense as suc
cessive loops develop. This pattern of change is interpretable as a change 
in magnetic shear in altitude indicative of a smooth transition from the 
lower-lying axial fields to the overlying arcades. 

We started our investigation with a survey of the rotational sense of the 
dynamic arcades. We define the term 'skew' to represent the angle between 
a tangent at the top of any coronal loop (in the plane of the loop) relative to 
the long axis of a filament, or the long axis of a filament channel or polarity 
inversion. Coronal loops, collectively or individually, can be 'right-skewed' 
IHome Institution: Helio Research, 5212 Maryland Ave., La Crescenta, CA 91214 
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or 'left-skewed'. In an initial sample of 11 dynamic events right-skewed coro
nalloops, displaying a clockwise evolution, were found to corresponded to 
sinistral filaments, and left-skewed coronal loops, displaying counterclock
wise evolution, correspond to dextral filaments. All four cases in the north
ern hemisphere exhibited skew increasing in the counterclockwise sense 
while all seven cases in the southern hemisphere displayed skew increas
ing in the clockwise sense. 

We then chose a six month period, January through June 1992, and us
ing Ho: images from HAO's Mauna Loa Observatory and NOAA, selected all 
filaments at least 20 degrees in length, except those along the polar crown. 
Searching the Yohkoh SXT images for corresponding arcades we found that 
not all clear filaments had clear arcades, and visa versa, which reduced our 
sample from 70 to 33 events. We performed a double blind study in which 
one of us (SFM) determined the filaments' chirality and the other (AHM) 
determined the skew of the arcades, each working independently. 

All of the dextral filaments were associated with left-skewed coronal 
loop systems and all of the sinistral filaments were related to right-skewed 
coronal loops. Thus, we have found evidence for a 1:1 relationship between 
the skew of the coronal arcades over a filament and the chirality of the 
filament. Thirteen (13) of the sixteen (16) dextral filaments were in the 
northern hemisphere while fourteen (14) of the seventeen (17) sinistral fila
ments were in the southern hemisphere, in agreement with the hemispheric 
pattern found by Martin, Bilimoria and Tracadas [1994]. The association 
between the skew of the coronal loops and the dextral/ sinistral filament 
categories is stronger than the association with hemisphere. These results 
suggest that: 1) that there is a coherence to the large-scale fields in the fil
ament channels and the surrounding corona; and 2) some of the processes 
which form filament channels and filaments are likely to be related to the 
generation of the coronal field in general. 

We present our results, including detailed discussion of their implica
tions for filament structure and long term coronal evolution, in a full paper 
submitted to the Astropysical Journal. 
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STUDIES OF SOLAR WIND ONSET IN CORONAL HOLES 

PLANNED FOR SOHO 

A. H. GABRIELl, F. BELY-DUBAU2 AND C. DAVID1 

1 Institut d'Astrophysique Spatiale, CNRS/Universite Paris XI, 
91405 Orsay Cedex, France 
20bservatoire de la Cote d'Azur, Lab. Cassini CNRS URA1362, 
BP 229, 06304 Nice Cedex 04, France 

Since it is now widely assumed that the main source of the high-speed 
solar wind arises from coronal holes, it is important to reconcile models for 
the solar wind with the physical conditions observed in holes. Unfortunately 
such observations are very limited, due to the low luminosity of holes and 
the consequent instrumental difficulties. Attempts to study conditions in 
holes have been made from Skylab and more recently from Yohkoh. Mea
surements made against the disk are dominated by the emission coming 
from the first scale-height at the base of the corona, and are likely to be 
contaminated by stray light coming from the brighter regions. With a com
bination of instruments on SOHO, we plan to measure the temperature in 
coronal holes above the limb as a function of height in the atmosphere. The 
resultant temperature gradients will help to understand the mechanism of 
wind acceleration. 

Theoretical models of the wind are based upon two principle processes, 
the Parker thermally driven wind and momentum transfer to the plasma 
from MHD waves. The second process arises due to the increase in veloc
ity of the waves as they enter a rarer medium, implying a reduction in 
the wave momentum. This loss is balanced by a transfer of momentum to 
the local plasma. Such a process is "reversible" in the thermodynamique 
sense. It does not require dissipation of wave energy, although this may 
also occur. For the Parker process to dominate, it is necessary to have high 
temperatures, of the order 3 to 4 106 deg K near the sun. Such values are 
not excluded by presently available data, although they have never been 
observed in the low corona in open-field regions. We propose to measure 
the temperature gradient above the limb in a coronal hole, using the spec-
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tralline ratio 173A/1038A in oxygen VI. This ratio has been selected for 
its sensitivity to temperature in the range of interest and for the relatively 
high abundance of oxygen. These two lines will be observed by the CDS 
and SUMER instruments respectively. If the observed temperature is found 
to fall as the height increases, this will eliminate the possibility of a pure 
thermally driven wind. 

Eclipse studies show that the density in holes can be lower than non
hole regions by a factor of 10 (Koutchmy 1975). This would imply that the 
intensity in UV lines is lower by a factor of 100. Such a high contrast can 
lead to contamination, either by non-hole material in the line-of-sight or by 
scattering in the instrument optics. Observations of hole shapes show that 
tangential viewing at the poles near solar minimum will normally avoid 
non-hole material in the line-of-sight. For the SOHO observing sequence 
proposed, the spacecraft must be rolled through 90 deg in order to orientate 
the spectrometer slits east-west at the pole. The slits are then stepped 
progressively out to 5 arcmin into the corona, in a sequence lasting a total 
of 13 hours. 

Scattering from the surface of the spectrometer telescope mirrors will 
have the effect of contaminating the measurements made in the hole regions 
by light coming from the brighter and extended disk. For this effect, the im
portant property is scattering at angles in the range 2 to 30 arcmins, rather 
than the smaller angles which effect the spatial resolution directly. For a 
given surface, the situation improves rapidly with increasing wavelength. 
We can readily show that for the grazing-incidence telescope of Skylab (Va
iana et al1977), almost all of the signal from holes was due to scattering 
from non-hole regions. Observations have been reported (Haro, Tsuneta 
and Acton 1994) of temperature measurements in coronal holes from SXT 
on Yohkoh, but our estimates show that these should also be dominated 
by scattering from the telescope. This would lead to the predictable result 
that the deduced temperature is the same as in non-hole regions. Due to 
their higher brightness, it is however possible to make such measurements 
in non-hole regions (Foley, Acton and Culhane, 1996). The CDS telescope, 
with a surface smoothness no better than that of SXT, will have a lower 
scattering due to the longer wavelength used. Our modelling shows that for 
CDS and SUMER, scattering will be sufficiently low to make valid coronal 
hole diagnostic measurements in the UV region for the first time. 
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LOW-SPEED SOLAR WINDS FROM ACTIVE REGIONS 

H. WATANABE, M. KOJIMA, AND Y. KOZUKA 
Solar- Terrestrial Environment Laboratory, Nagoya University, 
Toyokawa 442, Japan 

AND 

H. MISAWA 
Upper Atmosphere (3 Space Research Laboratory, 
Tohoku University, Sendai, 980, Japan 

It is well known that the solar wind speed near the heliospheric current 
sheet is low. However, the speed in the low-speed belt does not show a 
uniform speed distribution. We sometimes detect a very low speed wind, 
less than 300 km/sec, from a given region on the Sun (Kojima et al., 1991). 
Moreover, low-speed wind is distributed not only along the neutral line 
but also from low magnetic intensity regions on the source surface and/or 
coronal bright regions which do not correspond to the neutral line (Kojima 
and Kakinuma, 1987). It has not yet been established from which regions 
the very low speed wind originates. 

Three Carrington rotations in late 1991 have been analyzed to study 
the relationship between the low-speed solar wind and active regions on 
the Sun. Figure 1 shows a synoptic chart of solar wind speed on the source 
surface derived from interplanetary scintillation (IPS) observations at dis
tances of 0.2-0.4 AU. From this figure, we can find some features as follows: 
(1) The solar wind speed along the neutral line is generally low, less than 
400 km/sec, except for longitudes 210°-270°; this might be caused by the 
effect of t~e south polar stream extending toward the equator. (2) The 
low-speed solar wind is distributed not only along the neutral lines, but 
also in other low latitude regions. (3) Very low speed regions, less than 300 
km/sec, are observed at longitudes 350°-110°, 160°-190°, 210°-250°, 290°-
300°; the first two regions are near the neutral line, but the last two regions 
are not located near the neutral line. These four regions are more likely 
related to the existence of sunspots rather than the neutral line. Figure 2 
shows a superposition ofa Yohkoh SXT image (grey code) and coronal open 
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magnetic field lines. Magnetic field lines near the longitudes 2400 and 3000 

in the low latitude show converging structures toward the source surface. 
These regions coincide with the very low speed wind regions in Figure 1. 

These results suggest the possibility that some active regions supply the 
very low speed wind (Watanabe et at., 1995). Uchida et aZ. (1992) pointed 
out from Yohkoh observations that the corona above active regions expands 
occasionally, contrary to the commonly accepted ideas. It is possible that 
such an expanding active region could be one of the origins of the very low 
speed wind. One interesting point is that even the very low speed wind not 
originating near the neutral line does not disappear near the Sun, surviving 
up to at least 0.2-0.4 AU. Nakagawa (1993) reported that the sources of 
peculiar interplanetary clouds observed at 1AU often coincide with active 
regions, some of which are not located under the neutral line at 2.5 Rs. 
The flow speed of the clouds is generally low, so this is consistent with our 
results. 
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Figure 1 (Left panel) Synoptic chart of solar wind speed on the source surface at 2.5 
Rs. This is derived with IPS observations at distances of 0.2-0.4 AU. Dashed lines are 
Stanford neutral lines, and circles are sunspots. 

Figure 2 (Right panel) Superposition of Yohkoh SXT image (grey code) and coronal 
open magnetic field lines (grey lines) and the neutral line at 2.5 Rs (dashed line), which 
were inferred from photospheric magnetic field observations (Kitt Peak Observatory) 
using a potential-field model. 
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DETECTION OF ACTIVE REGION EXPANSION IN 

INTERPLANETARY SPACE BY SAKIGAKE 

SPACECRAFT AT 1 AU 

T. NAKAGAWA 
Tohoku Institute of Technology 
35-1 Yagiyama kasumi-cho, Taihaku, Sendai 982, Japan 

AND 

y. UCHIDA 
Science University of Tokyo 
1-3 Kagurazaka, Shinjuku, Tokyo 162, Japan 

1. Introduction 

The Japanese interplanetary spacecraft Sakigake found peculiar interplan
etary objects whose magnetic fields deviate largely from the Archimedian 
field in the Parker wind. In each of the objects, the magnetic field was 
highly variable but was restricted in a certain plane at least locally in the 
vicinity of the st>acecraft; thus they were called "planar magnetic struc
tures" (Nakagawa et al., 1989). A planar field variation suggests that the 
spacecraft encountered part of a large scale structure of sheared magnetic 
field. The events had higher plasma density and slower bulk speed than 
those of the average solar wind. 

The "planar magnetic structures" were enigmatic because they had no 
relationship with prominent phenomena on the solar surface such as flares, 
prominences nor dark filament disappearances (Nakagawa, 1993). Some
times they were observed recurrently at an interval of 27 days. Since the 
discovery of active region expansions by Yohkoh (Uchida et al., 1992), the 
question has arisen whether the "planar magnetic structures" might be in
terplanetary extensions of the active region expansions. A systematic search 
of possible relationships was made by using data obtained by Sakigake and 
Yohkoh spacecraft during the period from January 6 to November 11, 1993, 
when there were not too many active regions on the visible solar hemisphere. 
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2. Detection of Interplanetary Planar Magnetic Structures 

A "planar magnetic structure" is detected in interplanetary magnetic field 
data by using two criteria for the field component normal to the plane 
Bn < O.lB and for the standard deviation of the magnetic field vector 
erB > 0.7 B, set to pick up planar and variable magnetic field vectors. Here 
B is the magnitude of the magnetic field throughout each event. 

According to the criteria, five typical "planar magnetic structures" were 
found on May 18, June 3, June 11, July 1, and July 15, 1993. 

3. Solar Sources of Planar Magnetic Structures 

The structures were traced back onto the Sun on the assumption that the 
solar wind speed increased linearly within the first 3 solar radii, from 10 
km/s up to the real value measured at 1 AU. The solar wind plasma was 
assumed to be launched radially outward from the Sun, although this is not 
always the case for real solar wind. We found that the sources of 4 events 
coincided with NOAA low-latitude active regions which appeared within 
5 degrees from the equator. The 80% coincidence is extremely high with 
respect to the rate of accidental coincidence, 7%, of Sakigake windows of 
solar wind observation with active regions. 

In the Yohkoh Soft X-ray images at or near the calculated time of the 
launch of each object, we found expansion activities at the active regions 
near the central part of the Sun's disk from which "planar magnetic struc
tures" were supposed to be launched. Very faint loop-like structures were 
often observed, and the loops, especially their outer portions, seemed to 
expand repeatedly into interplanetary space. For the interplanetary object 
which was not traced back to any NOAA active region, we found expansion 
activity of faint loops. No flares were observed in any of the sources. These 
observations support the idea that active-region expansions can extend into 
interplanetary space to be observed as "planar magnetic structures" at 
1AU. 
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KELVIN-HELMHOLTZ INSTABILITY IN CORONAL RAYS 

O. T. MATSUURA AND E. PICAZZIO 
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Caixa Postal 9638, Sao Paulo, SP, Brasil, CEP 01065-970 

AND 
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We carried out a morphological analysis on fine structures recorded in large
scale color photographs of white-light corona obtained in the eclipse of July 11, 
1991, in Hawaii, Mexico and Brasil by MICE (see Zirker et ai., 1992). Images 
taken through a standard V filter were digitized with a pixel size corresponding 
to 21,000 km on the Sun. The MadMax algorithm (Koutchmy and Koutchmy, 
1989) was applied for enhancing the fine and faint structures. The best results 
were obtained by reapplication of the algorithm twice. Among several phenomena 
disclosed by the comparative analysis of the three images, the most striking one 
was the presence, in several rays (long, and almost radially oriented structures), 
of undulations with an average wavelength of ~ 150,000 km. The wavenumber, 
k, multiplied by the halfwidth, a, of the structure, was ka ~ 1. In every case, 
the wave amplitude relative to a was ~ 1/3 (non-linear). In Fig. 1, the most 
remarkable undulations in the Western sector are depicted over the sketch of Fig. 
Ib from Zirker et al. (1992). The undulation (a) of the neutral sheet above the SW 
helmet streamer is the highest (2.5Ro < h < 3.3Ro). All others (b-f) were found 
lower (0,9Ro < h < 1.6Ro). It is noteworthy that the undulations persisted in the 
three pictures. 

Tests with MadMax on artificially generated gradients, ruled out that the un
dulations could be artifacts. The fact that, in a given picture, some fine structures 
appeared wavy, while others did not, also favors the undulations' reality. Only for 
lack of space, references are omitted here of other eclipse images that also seem to 
present wavy structures. 

We modeled each fine structure as a magnetic neutral layer (Koutchmy et al., 
1994) of thickness 2a, confined between surfaces of antiparallel magnetic tangential 
discontinuities. At equilibrium, the vector quantities (velocity and magnetic field) 
have only a longitudinal component along the solar radial direction. For simplicity, 
the mass density p, the temperature T, the longitudinal velocity V and the mag
netic field B are constant inside the sheet, as well as outside, with a finite jump at 
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Figure 1. Undulations (a-f) in coronal rays of July 11, 1991 eclipse 

the boundary surfaces. The system was linearly analysed for the Kelvin-Helmholtz 
instability. 

For undulation (a) we adopted the following parameters (the indices i and 
e refer to the plasma internal or external to the neutral layer): Pi = 1.67 X 
10-17 gcm- 3; Pe = 1.67 x 1O-20gcm-3; Vi = 4.0 X 107 cms- 1; Ve = 2.0 X 107 cms-1. 
Yet for other undulations we adopted: Pi = 1.67 x 1O-16gcm- 3; Pe = 5.01 x 
1O-19gcm- 3; Vi = 1.5 x 107cms- 1; Ve = 5.0 x 107cms-1. Always Bi = 0, and Be 
is such as to guarantee the total pressure equilibrium in the transverse direction, 
for Ti = 2 X 106 K and Te = 1.2 X 106 K. 

For the observed wavelength, among the six distinct roots w [S-l] of the disper
sion relation, three were complex. The relevant unstable mode grows in a time scale 
~ 3.5 min, which is shorter than the oscillation period: 6 min for (a), and 17 min 
for undulations (b-f). But, as the amplitude of the unstable mode grows, the mag
netic tension grows too, and starts to act as a restoring force. As a consequence, 
the mode self-stabilizes in the non-linear regime. For incompressible plasmas in 
a cylinder of radius a, the largest relative self-stabilized wave amplitude is 1/3 
when ka = 1 (Ershkovich and Chernikov, 1973). These conditions were met in our 
observations. If our interpretation proves to be right, the observed undulations are 
non-linear hydromagnetic waves excited by Kelvin-Helmholtz instability. This in
vestigation may offer a new diagnostics of shearing flows and plasma accelerations 
near the magnetic neutral sheets. 
Acknowledgement. OTM obtained support from FAPESP (Proc. 95/0389-5) to 
attend the IAU Colloq. No.153. 
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FORMATION OF CONTACT BINARIES VIA A MAGNETIZED 

WIND, A PARAMETER-FREE MODEL 

K. ST~PIEN 
Warsaw University Observatory 
AI. Ujazdowskie 4, 00-478 Warszawa, ·Poland 
e-mail: kst@astrouw.edu.pl 

Based on the model of angular momentum loss (AML) via a magnetized 
wind (Mestel, 1984) an empirical formula was derived and calibrated for 
the AML rate of single, solar type stars (St~pieIi, 1988,1991): 

dJ;W = (6 ± 3) X 10-9 Prot e-O.2Pro\ , (1) 

where time t is in years and Prot in days. Note that, apart from empirical 
uncertainty, the above formula contains no adjustable free parameters. It 
reproduces well the Skumanich law Prot '" t1/ 2 for ages 0.1 Gyr ;: t ;: 10 
Gyr and predicts correctly the presently observed spin-down rate of the 
Sun. 

Let us consider a detached close binary with components losing AM 
according to the formula (1). Its orbital period evolves according to the 
following relation (St~pieIi; 1995): 

d~~rb = -(6 ± ~) x 10-10 Porb -1/3e-O.2Porb, (2) 

where we adopted masses of the components M1 = M2 = 0.6M0 and 
their radii R1 = R2 = 0.6R0 . The value of the numerical coefficient in (2) 
depends on masses of the components and will decrease about twice for 
M1 = M2 = 1M0 · 

The evolution of orbital period of a detached binary was computed for 
several different initial values of the period and different masses of the 
both components (St~pieIi, 1995). A minimum value of the orbital period 
of a zero age main sequence (MS) binary was adopted at 2 days. When an 
orbital period decreases down to a value of 0.3 day it is assumed that a 
contact system is formed. 

The results show that it takes more than 2 Gyr to form a contact sys
tem, even under the most favorable conditions (a low mass binary with an 
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assumed minimum value of the orbital period and a maximum AML rate 
allowed by Eq. [2]). The presence of contact systems in clusters younger 
than 2 Gyr indicates that some binaries undergo an exceptionally large 
AML prior to MS. For ages longer than about 4 Gyr a substantial increase 
of contact systems is expected among a sample of coeval stars (e. g. a stel
lar cluster). This result is in a good agreement with the observational data 
on stellar clusters: the average number of W UMa type stars detected in 
clusters with age ~ 4 Gyr is 1.3 whereas it is 9 for ages> 4 Gyr (Kaluzny 
and Rucinski, 1993). Yet, even after 10-12 Gyr. i.e. the age of the galactic 
disk, only binaries with initial orbital periods not longer than about 4-5 
days can form contact systems. 

A low rate of formation of contact systems has important implications 
for a duration of a contact phase. Assuming a uniform star formation rate 
over the galactic disk age we can estimate the fraction of all binaries that 
have reached contact during the past 12 Gyr. The result is close to the ob
served frequency of contact binaries among photometrically surveyed stars 
(Rucinski, 1994), which indicates that a large fraction of all contact sys
tems formed in the galactic disk stays still in a contact phase. This requires 
several Gyr for a duration of the contact phase. A similar time scale is ob
tained if one ignores any possible differences between AML mechanism of 
a detached binary and a contact system and applies Eq. (2) to the latter. 
This similarity argues for a uniform AML mechanism operating in single 
active stars, cool detached binaries and late type contact systems. 

Combining time of approach to contact and duration of a contact phase 
we get a value which is very likely shorter than MS life time of either com
ponent in case of a low mass binary. After coalescence such binaries should 
form ra.pidly rotating MS stars (blue stragglers?). For massive binaries, 
with components masses of the order of one solar mass, this combined time 
is very likely longer than the life time of either component. After a coales
cence, such binaries are expected to form rapidly rotating single giants of 
FK Com type. 

This research was partly supported by a grant from Committee of Sci
entific Research No. 2P 304.004.07. 
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FORMATION OF RECONNECTION-DRIVEN JETS WITH 

DISK ACCRETION ONTO MAGNETIZED YOUNG STARS 

S. HIROSE AND Y. UCHIDA 
Department of Physics, Science University of Tokyo 
1-3 Kagurazaka, Shinjuku-ku, Tokyo 162, Japan 

K. SHIBATA 
National Astronomical Observatory of Japan 
Mitaka, Tokyo 181, Japan 

AND 

R. MATSUMOTO 
Department of Physics, Chiba University 
1-33 Yayoi-cho, Inage-ku Chiba 263, Japan 

High-velocity outflows (optical jets or T Tauri winds) are very common 
phenomena with young stars in the stage of disk accretion. Thus these 
outflows are considered to be powered by disk accretion, and to originate 
from the vicinity of young stars from the energetical point of view (Cabrit 
et ai. 1990, Edwards et ai. 1993a). On the other hand recent observations 
suggest that these young stars have magneto spheres , which truncate the 
accretion disk at several stellar radii (Montmerle et al., 1993). This means 
that the interaction between the magnetosphere and the accretion disk 
will have relation to the formation of high-velocity outflows. We took a 
numerical approach (MHD simulation) to this problem. 

In our model, the central star has its own magnetosphere and also the 
accretion disk is penetrated by the large-scale magnetic field, both of the 
magnetic fields originating from the same interstellar magnetic field (Uchida 
and Shibata, 1984). Thus there is X-type magnetic neutral point at the 
interface between the magnetosphere and the accretion disk, which will 
play an important role on the mass transfer from the accretion disk to the 
star and the formation of jets. 

Numerical results are summerized as follows. In this first numerical at
tempt, we treat only the case in which the star does not rotate because of 
numerical limitations. The accretion disk loses its angular momentum by 
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magnetic braking and then the disk accretion drives the magnetic reconnec
tion between the closed magnetospheric fields and the large-scale magnetic 
fields threading the accretion disk. We assumed that the enhancement of 
the diamagnetic current by the disk accretion induces anomalous resistivity 
around the neutral point (Sato and Hayashi 1979). Most of the mass of the 
accretion disk is transfered to the magnetosphere through the diffusion re
gion around the neutral point and magnetically braked by the non-rotating 
star and finally fall towards the polar crown along the stellar fields. On the 
other hand, the mass at the surface of the accretion disk is accelerated by 
Lorentz force associated with the magnetic reconnect ion (sling-shot mech
anism) and forms high-velocity bipolar jets. The magnetic reconnection 
changes the topology of the magnetic fields and the jet is ejected along 
the opened magnetic fields of the star. Thus the inflow and the outflow 
coexist along the same line of forces. Note that the above process is not 
steady but it will continue as long as the disk accretion drives the magnetic 
reconnection. 

The main effect of the stellar rotations which was not taken into account 
in this simulations is the magnetic braking of the star as the reaction of 
the magneto-centrifugal acceleration of the reconnection-driven jet along 
the stellar open magnetic fields. There is a possibility that this magnetic 
braking by the jet cancels the angular mometum transfer from the accretion 
disk to the star, which may explain the observed rather slow rotation of 
young stars (Edwards et at., 1993b). 
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MAGNETICALLY DRIVEN JETS FROM ACCRETION DISKS: 

NONSTEADY AND STEADY SOLUTIONS 

T. KUDOH AND K. SHIBATA 

National Astronomical Observatory of Japan 
2-21-1, Osawa, Mitaka, Tokyo, 181, Japan 

We have performed time-dependent 1.5D MHD simulations of astro
physical jets which are magnetically driven from Keplerian disks, in order 
to study the origin and structure of optical jets ejected from protostars. We 
clarify the physical properties of the nonsteady jets that had been studied 
by 2.5D MHD simulations like Shibata & Uchida (1986) (hereafter SU). 
The 1.5D simulation has the merit that we can perform simulations over 
many disk orbital periods with large computational regions in wide range 
of parameters. The formulation of the 1.5D MHD is the same as that of 
Hollweg et al. (1982), who studied the propagation of nonlinear Alfven wave 
in the solar atmosphere. 

Two types of nonsteady jets, which are the same types of jets found by 
SU, appear in the simulation (Figure). We find that the jet ejected from the 
disk (disk-jet) have the same properties of the steady magnetically driven jet 
that has been investigated by many authors (e.g. Pudritz & Norman 1986, 
Shu et al. 1994). The results are as follows (Kudoh & Shibata 1995b). 

• The mass loss rate strongly depends on the inclination angle between 
the disk surface and the magnetic field line (Blandford & Payne 1982, 
Cao & Spruit 1994). 

• The scaling law that is known as Michel's minimum energy solution is 
also satisfied. 

• The magnetic energy dependence of the mass loss rate of the non steady 
jet is consistent with that of the steady one (Kudoh & Shibata 1995a). 
The mass loss rate decreases with decreasing the magnetic energy at 
the disk surface, 
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where Emg is the poloidal magnetic energy normalized by the gravita
tional energy at the disk. The parameter a ranges from 0 to 0.5 (a ~ 0 
as Emg ~ 00, a ~ 0.5 as Emg ~ 0). By using the above relation, we 
can estimate the temperature (To) and the strength of the poloidal 
magnetic field (Bpo) at the disk. The mass loss rates of the optical jets 
are observed as if f'-.J 10-9 - 10-7 M0/year. It shows that To > 103K 
and Epo > IG. 
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ACTIVE REGION EVOLUTION AND FLARE ACTIVITY 

- A CASE STUDY OF NOAA 7260 

N. NITTA 
Lockheed Palo Alto Research Laboratory, 0/91-30, B/252, 3251 
Hanover Street, Palo Alto, CA 94304, U.S.A. and Applied 
Research Corporation, 8201 Corporate Drive, Landover, MD 
20785, U.S.A. 

L. VAN DRIEL-GESZTELYI 
Observatoire de Paris, Section de Meudon, DASOP, 92 125 
Meudon, Principal Cede x, France 

K. D. LEKA 
High Altitude Observatory/NCAR, P.O.Box 3000, Boulder, 
CO, 80302, U.S.A. 

AND 

H. S. HUDSON 
Institute for Astronomy, University of Hawaii, 2680 Woodlawn 
Drive, Honolulu, HI 96822, U.S.A. and Institute of Space and 
Astronautical Science, 3-1-1 Yoshinodai, Sagamihara, Kanagawa 
229, Japan. 

Extended Abstract 

Taking advantage of good coverage of X-ray and groundbased data for 
NOAA active region 7260 (AR 7260), we have studied flare activity and 
the characteristics of individual flares in the context of the region's evo
lution. AR 7260 consisted of a large preceding spot and an emerging flux 
region (EFR) which showed remarkable growth. As expected, the EFR pro
duced many flares as it became complicated due to repeated flux emergence. 
For each flare, we have identified a pair of bipoles that were likely to in
teract with each other. These flares show a good correlation between the 
temperature of the brightest core and the X-ray flux from the entire flaring 
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area, both of which probably peaked when the magnetic shear of the EFR 
became maximum. 

The large preceding spot was already in a decaying stage, as it was sur
rounded by outward moving magnetic elements similar to moving magnetic 
features (but distributed anisotropically). Like these features, different sec
tors around the preceding spot produced flares at different times. The spot 
itself consisted of two components separated by a light bridge. Most flares 
around the spot seemed to be connected to the southern component. 

Including the ones in the emerging flux region, the flares in AR 7260 
generally appeared to be confined, rather than eruptive, except for those 
that were connected to the northern component of the preceding spot. 
Both X-ray and Ha images show that this area had field lines that extended 
longer. It is likely that many eruptions in AR 7260 in the SXT time sequence 
images are attributable to larger scale shear, i.e. shear between the large 
spot and the EFR, which may not have directly caused the apparently 
confined flares. 
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RELATIONSHIP BETWEEN COLD AND HOT POST-FLARE 

LOOPS AND THE IMPACT ON THE RECONNECTION FLARE 

MODEL 

J. F. SEELY AND U. FELDMAN 
Naval Research Laboratory 
Washington DC 20375 USA 

The relationship between cold and hot post-flare loops was studied us
ing the 7 September 1973 and 15 January 1974 flare images recorded by 
the Skylab S082 spectroheliograph. The images were of intense emission 
lines in the extreme ultraviolet region that spanned the 1 X 104 K (He I) to 
3.2 X 106 K (Ni XVIII) temperature range. The images of the 15 January 
1974 flare at 1240 UT are shown in the Figure. The detailed analysis of the 
images does not support the widely held notion that cold loops are always 
smaller than hot loops, lie below hot loops, and are similar in shape. It was 
found that the coldest and hottest loops often differ significantly in size and 
shape. Based on the analysis of a time sequence of Skylab images of cold 
and hot loops, there is no evidence that loop systems expand in a discontin
uous manner, as would be the case if higher loops were sequentially formed 
and activated by reconnection of the magnetic field. It was found that the 
individual coronal loops expand in a gradual manner. These conclusions 
are consistent with images of post-flare loop systems in the 107 K range 
that were recorded by the soft x-ray telescope on the Yohkoh spacecraft. 
Previous observations and interpretations of post-flare loop systems, which 
led to the formulation of the reconnection flare model, were re-examined. In 
light of the recent high-quality imagery that spans the temperature range 
from 104 to 107 K, it is concluded that the observations do not support all 
aspects of the reconnect ion flare model as presently articulated. Elements 
of the reconnect ion flare model that are inconsistent with the modern ob
servations should be reconsidered. A detailed description of this study of 
Skylab and Yohkoh post-flare loops has been accepted for publication in 
the Astrophysical Journal. 
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PSEUDO-TWO-DIMENSIONAL HYDRODYNAMIC MODELING 

OF FLARE LOOPS 

K. HORI", T. YOKOYAMA, T. KOSUGI, AND K. SHIBATA 
National Astronomical Observatory, Mitaka, Tokyo 181, Japan 
"also Tohoku University, Sendai, Miyagi 980-77, Japan 

It has been argued that the solar flare is a phenomenon in which mag
netic energy is released through reconnection in the top portions of coronal 
loops. This view has been recently strengthened from observations with 
the X-ray telescopes aboard Yohkoh, owing to their high spatial and time 
resolution. Flaring loop models with chromospheric evaporation have been 
developed for many years (e.g., Nagai 1980), and have succeeded in explain
ing some of the observed features. However, so far these models were based 
on 1D hyrdodynamic simulation along a single loop, and are thus not con
sistent with the reconnection model. In the reconnection model, magnetic 
field lines reconnect successively to form 2D (or 3D) loop configurations. It 
is now necessary to extend the previous 1D evaporation model to a 2D or 
3D model, to allow for the effects of magnetic reconnection. In this study, 
we will try to extend the previous 1D evaporation flare model to 2D, using 
a "pseudo-two-dimensional" approach. 

Let's assume a system of loops which are formed successively from the 
inside to the outside through a continuous reconnection. Our flare system 
consists of (i) thermally isolated,· and (ii) dynamically rigid multiple loops. 
First, we solve one-dimensional hydrodynamic equations including both 
thermal conduction and radiative cooling effects for each loop. Next, we 
reproduce a two-dimensional flaring loop system by putting them together. 
In this sense, our model is a ''pseudo-two-dimensional" one. We assume 
that the energy release takes place at each loop top successively from the 
innermost to the outermost loop with some time delay, which reproduces 
the successive formation of closed flaring loops due to the continuous recon
nection. In order to compare results with the observations, we also derived 
the surface brightness distribution from the simulation results, which would 
be detected by Yohkoh/SXT with Be119fLm filter. 

The results are as follows (see Figure 1): 
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Figure 1. Snapshot at 13minutes after flare heat input. To hide the rather artificial 
effect which comes from the insufficient resolution of discrete loops, smoothing method 
is used weakly on each contour map. 

(1) The appropriate timing of energy release in each loop causes the suc
cessive chromospheric evaporation, which make the highest pressure region 
continue to be located at the growing loop top. 

(2) Iso-temperature contours always lie in the upper part of the high 
density loop, which would correspond to the bright loop seen through the 
Be119f.l filter. 

(3) Contour maps of both temperature and density are not necessarily 
along the fixed magnetic field lines. 

(4) Through the Be119f.lm filter, the loop brightening begins from foot
points which continue to be the brightest throughout the evolution, with a 
weaker brightening at the loop top. 
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INITIAL DYNAMICS IN A LOOP FLARE OF APRIL 22, 1993 

S. YASHIRO, N. KOHARA, Y. UCHIDA, S. HIROSE AND S. CABLE 
Department of Physics, Science University of Tokyo 
Shinjuku-ku, Tokyo 162, Japan 

AND 

T. WATANABE AND T. KOSUGI 
National Astronomical Observatory 
Mitaka, Tokyo 181, Japan 

The initial dynamical behavior in a loop flare of Apr 22, 1993 is exam
ined by using the Yohkoh/BCS after separating the effect of another small 
flare, and the results show that there existed a clear upflow before any trace 
of the spiky non-thermal hard X-ray burst. This confirms the long-standing 
controversy about the electron bombardment picture. We scrutinized the 
period prior to the hard X-ray impulsive burst by HXT, and found that 
there was a hard X-ray looptop source with significantly smaller hardness 
ratio, before the start of the steep rise in the intensities of hard X-rays. 
This was suspected to be identifiable with the source postulated in the 
heat conduction-evaporation models, but such interpretation encounters a 
difficulty because that looptop source was preceded by a pair of weaker foot
point sources about 20 seconds prior to it, when the hard X-ray profile had 
a smooth thermal-like profile with distinctly softer hardness ratio. 

It has been reported that blue wings of remarkable width appear in the 
X-ray emission lines before any hard X-ray spiky bursts started, from sev
eral high energy flares measured by Bragg Crystal Spectrometers on SMM 
and Hinotori satellites (Doschek et al. 1983, Tanaka et al. 1983). We noted 
that this could be a very vital clue for deciding which of the proposed 
models for the loop flares was viable (Uchida and Shibata 1988, 1990), 
but this effect tended to be ignored by the researchers working along the 
electron bombardment-evaporation, or heat conduction-evaporation mod
els. Yohkoh, however, reconfirmed that this is a common feature with high 
energy loop flares, and we have to investigate this more seriously. 
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We have looked into this effect in a typical on-disk loop flare, April 22, 
1993 (GOES class M1.5, location (Nll,E04), occurrence time 14:08UT). 
The BCS data of this flare have not previously been analysed because 
another small flare occurred almost simultaneously and contaminated the 
spectra. We, however, found by making a so-called "dynamic spectrogram" 
that allows us to see the time behavior of the spectra more clearly, that the 
effects of these two flares can be separated. This procedure makes use of the 
dependence of the wavelength on the heliographic latitude of the sources, 
and also requires interpolating the temporal behavior of the "contaminator" 
reasonably. 

We could derive the temperature and velocity of the upflow, as well 
as the emission measure from the subtracted spectrum. Those provide us 
with basic information about the rising gas prior' to the hard X-ray im
pulsive burst phase. We indeed see the peaks after the hard X-ray bursts, 
but note that the curves started to rise before them. This confirms the 
above-mentioned statements of Doschek and Tanaka, and requires specific 
explanations for this early part (cf. Uchida 1996). 
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Figure 1. Velocity and Temperature from the cleaned profile of S XV. The dotted line 
marks the start of the HXR impulsive burst, and the rise started before then. 
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HARD AND SOFT X-RAY OBSERVATIONS OF SOLAR LIMB 

FLARES 

JOHN T. MARISKA 
Naval Research Laboratory, Washington, DC 20375 USA 

T. SAKAO 
National Astronomical Observatory, Mitaka 181, Japan 

AND 

R. D. BENTLEY 
Mullard Space Science Laboratory, University College London 
Holmbury St. Mary Dorking, Surrey RH5 6NT 
United Kingdom 

Many flares show looptop emission in both hard and soft X-rays. By 
looking at occulted and nonocculted limb flares, it is possible to examine 
the physical conditions in the various emitting regions in flares. Occulted 
limb flares have their footpoints behind the solar limb and thus the Yohkoh 
Bragg Crystal Spectrometer (BCS) only observes emission from the looptop 
source. Nonocculted limb flares have their footpoints exposed. The signal 
from those footpoints usually dominates the emission observed with the 
BCS. Thus the nonocculted flares reveal the characteristics of the foot point 
sources. 

We have examined four nonocculted and four partially to fully occulted 
limb flares observed by the Yohkoh BCS, Hard X-Ray Telescope (HXT), 
and Soft X-Ray Telescope. In Table 1 we list the flares examined in our 
study, the spectral index for each flare determined using the HXT, and the 
peak temperatures and nonthermal broadening determined for each flare 
using data from the BCS Fe xxv and Ca XIX channels. 

For both the nonocculted and occulted flares, we find that the nonther
mal broadening measured in both Fe xxv and CaxIx is large at the earliest 
time that a useful spectrum can be obtained. In CaxIx, the nonthermal 
broadening sometimes increases after the hard X-ray burst begins. The tem
peratures measured in both Fe xxv and Ca XIX increase with time, peaking 
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TABLE 1. Limb Flare Characteristics 

Date I T (MK) e km S-1 

Fe xxv CaxIX Fe xxv CaxIX 

Nonocculted: 
1992 Jun 28 5.3 19.1 14.2 440 250 
1992 Aug 11 4.1 20.0 14.7 460 340 
1993 Sep 27 4.6 22.0 14.0 320 250 
1993 Nov 30 2.6 20.0 16.0 370 200 
Occulted: 
1991 Oct 21 8.0 24.5 21.0 250 180 
1992 Oct 5 5.2 20.0 14.5 290 160 

1993 Feb 1 5.9 21.5 15.0 130 190 

1994 Jan 29 6.9 23.0 13.5 270 160 

well before peak emission in the respective BeS channel. The temperature 
behavior appears to be the same in both flare types. 

For occulted limb flares, we find that there appears to be a tendency 
for the nonthermal broadening to be suppressed relative to that seen in 
nonocculted limb flares. HXT data indicate the the hard X-ray spectra are 
also softer in the nonocculted flares. These softer hard X-ray spectra are 
consistent with the hard X-ray emission from the occulted flares coming 
from thin-target emission high in the flaring loops and the hard X-ray 
emission from the nonocculted flares coming from thick-target emission 
originating near the loop footpoints. We have no obvious explanation for 
the decreased nonthermal broadening in occulted flares. Most explanations 
for the nonthermal broadening suggest that it should be larger near the 
looptops. 

Our results, which are published in more detail in Mariska, Sakao, and 
Bentley (1995), differ from those of Khan et al. (1995), who found no dif
ferences between occulted and nonocculted limb flares. 
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X-RAY PLASMA EJECTION IN AN ERUPTIVE FLARE 
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In this study we have analyzed an X-ray plasma ejection (or plasmoid) 
in an eruptive flare (S; M2.0) on 1992 October 5 which occurred behind the 
west limb. The plasma ejection is seen as a blob-like feature (Le., it has the 
local intensity maximum) as seen in Figure 2. The boundary between the 
ejction and the flare region is assumed to be the vertical line crossing the 
intensity saddle point between them. Figure 1 shows the height vs. time 
for the ejection. From Figure 1, it is found that the plasma ejection was 
ejected at an apparent velocity of 200 - 450 km S-l, and that the accelera
tion occurred during the impulsive phase. 

We derived the temperature and emission measure of the plasma ejec
tion assuming isothermality (Figure 2), then obtained also the other phys-

Table 1. Physical parameters of plasma ejection and flare region. Temperature and emis
sion measure are derived from a beryllium (Be119) and thick aluminum (AI12) filter 
combination, then the other physical parameters are obtained assuming the line-of-sight 
thickness", 104 km. (Ejection) 09:25:16 and 09:25:18 UT. (Flare region) 09:24:58 and 
09:25:00 UT. The kinetic energy is calculated using the velocity", 200 - 300 km S-l. 

Physical parameter Plasma Ejection Flare Region 

Temperature (106 K) 6 - 13 8 - 17 
Emission measure (1028cm- 5 ) 7 - 20 60 - 800 
Electron density (109 cm-3 ) 8 - 15 25 - 90 
Mass (1013g) c::::2 9 - 10 
Gas pressure (dyn cm- 2 ) 20 - 40 70 - 280 
Thermal energy content (1028erg) 4 - 5 20 - 30 
Kinetic Energy (1027 erg) 3 - 10 
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Figure 1. Plasma displacements in thin Al filter images and the hard X-ray (23-33 keY) 
counting rates. Core corresponds to the position of the maximum intensity of the ejection, 
and the error bars indicate the region where the intensity is within 90 percent of the 
maximum value of the ejection. Top corresponds to the height where the intensity is 
'" 1 / e of the maximum value of the ejection. 'F' indicates the height of flare loops. 
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Figure 2. (Left) Soft X-ray intensity map (with A112 filter). (Middle) Emission measure, 
and (right) temperature maps obtained using A112 and Be119 (at 09:25:16 UT) filter 
images. Temperatures and emission measures are derived after taking 3 x 3-pixel sums of 
the intensity in order to improve statistics. The arrows indicate the ejection. The dashed 
lines show the boundary between the ejection and the flare region. A signal of X-ray 
scattering of each pixel is less than 15 percent of the observed signal. 

ical parameters of both the plasma ejection and the flare region (Table 1). 
(1) Temperature of the plasma ejection is 6 - 13 MK which is lower than 
that of the flare region. (2) Mass of the plasma ejection is about 2 X 1Q13g. 
(3) Kinetic energy of the plasma ejection is smaller than thermal energy 
content of the plasma ejection. (4) Thermal energy content of the plasma 
ejection is smaller than that of the flaring region. 
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1. Introduction 

Results from Yohkoh have shown that when loop footpoints are seen in 
flares they brighten very early and the emission is fainter than emission 
from the rest of the loop ((Acton et al., 1992), (Hudson et al., 1994)). 

BCS (the Bragg Crystal Spectrometer) on Yohkoh has no spatial resolu
tion so it cannot normally observe isolated flare footpoints. It does however 
have higher spectral and time resolution than seen on earlier missions. 

The flare to be discussed occurred on 27th September 1993 at 10:45 
D.T., and had a GOES classification of C5.7 and optical importance of 
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SF. It occurred at NllE80 in NOAA region 7590 with a total duration of 
approximately 20 minutes. 

Both (Khan et al., 1995) and (Mariska et al., 1996) have used SXT (the 
Soft X-ray Telescope) and BCS to extract spectroscopic information on the 
bright loop tops (using the limb to isolate the loop tops) seen in solar flaring 
loops with Yohkoh. 

We are most interested, in this case, in the Non-thermal Velocity (Vnt ), 

where this is defined as the excess broadening once the thermal broadening 
has been removed. It has been shown that there is no substantial difference 
between the Vnt in the loop top of flares and the whole loop, (Khan et at., 
1995), whereas (Mariska et at., 1996) have shown that the Vnt is higher 
when the foot points are present. In this paper we attempt to extract BCS 
spectral information on foot points. 

The SXT images (Figure 1) for this event show the morphology of the 
flare to be a simple loop-like structure with the bulk of the emission for the 
first 2 minutes of the event coming from one of the footpoints. 

21-SEP-9J 10;48;15 27-SEP-9J 10:52:39 27-SEP-93 10:57:03 

Figure 1. SXT images at 3 times during the flare, illustrating the dominant footpoint. 

During the 2 minutes the HXR source comes only from the footpoint, 
and we assume that the results obtained from BCS provide footpoint in
formation. 

2. Results and Discussion 

The results are summarized below; 
1) Electron temperatures derived from the BCS channels do not show 

any unusual behaviour. The temperatures at the time of the dominance of 
the footpoints are not the highest temperatures reached. 

2) The SXT temperatures of the looptop reaches ~ 18 MK, which is 
nearly a factor of 2 larger than the temperature of the footpoints ( 10MK). 
Comparing these temperatures with those from BCS would indicate that 
the hotter Fe xxv emission is coming from the looptop, and the cooler Sxv 
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and Ca xix temperatures is coming from the footpoints and the legs of the 
loop ((Doschek et al., 1987)). 

3) The HXR emission is coming from only the brightest footpoint at the 
time of the first peak in the non-thermal velocity. We suggest that the first 
peak in non-thermal velocity originates from this footpoint. The values of 
the Vnt (Figure 2) at this time are higher than the second peak by 32 km/s, 
106 km/s and 184 km/s for Sxv, Ca xix and Fe xxv respectively. 
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Figure 2. A plot showing the non-thermal velocity derived from BCS Sxv (diamonds), 
Ca xix (solid) and Fe xxv (crosses) channels. There are no Fe xxv data before 10:48 V.T. 
due to the low statistics 

4) Some evidence exists that the increase in Vnt commences before the 
onset of the HXR emission. However, caution is used as there are no statis
tically usable Fe xxv spectra at these early times, and there are only a few 
valid points for Ca xix and Sxv. In summary, these results have a strong 
implication on the mechanism which produces the broadening of the spec
tral lines (ie Vnt ). There is a suggestion that the mechanism begins before 
the HXR burst and that the mechanism is strongest at the foot points of 
the flaring region. 
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Optical coronagraph observations reveal coronal loop interactions in the 
form of transient localized brightenings (Smartt and Zhang, 1987; Zhang 
and Smartt, 1991; Smartt et al, 1993). These appear sequentially in time in 
the three coronagraph channels, showing first in Fe XIV green-line (530.3 
nm; T", 2 x 106K) emission, then in Fe X red-line (637.45 nm; T", 1Q6K) 
emission, and finally in Ha. This sequence ('" 20 minutes) reveals cooling 
of the plasma at the interaction site following initiation of the interaction. 
Since an enhancement is not normally observed in a red-line image prior to a 
corresponding maximum appearing in a green-line image, it is inferred that 
the plasma is heated rapidly during initial coalescence. The maximum value 
for the temperature immediately following the initiation of energy release 
in a particular event was estimated as, Tmax S; 5 x 106 K (Airapetian and 
Smartt, 1995). This indicates that for this, and similar, events, the plasma 
is already cooling when the maximum in the green-line image occurs. 

These brightenings are interpreted as localized coronal loop interactions 
(eLI) involving two (or more) loops, and described by current loop coales
cence involving partial magnetic reconnection (Sakai 1993). Similar events 

tOperated by the Association of Universities for Research in Astronomy, Inc. (AURA) 
under cooperative agreement with the National Science Foundation 
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with x-type configurations have been observed with the Soft X-ray Tele
scope ofYohkoh (see, for example, Shimizu et aI, 1992; de Jager et aI, 1993). 
Possible exceptions to a two-loop type of interaction are where an apparent 
single, low-lying loop brightens along most of its length (see, for example, 
Fig. 1a-f, enhancement B, in Li et aI, 1994). However, in some cases traces 
of a second, faint loop are evident. Alternatively, a kink-like instability in 
a single twisted loop might produce a CLI-like event. 

Commonly Ho: becomes concentrated at the interaction site (following 
a maximum in the green line), then gradually extends down to the solar 
surface, and fades. Alternatively, in some cases Ho: gradually extends in 
a column from the surface to the site, eventually becoming concentrated 
there, the emission then gradually fading. In general, these observations, 
reveal that Ho: material is drawn to the site due to some mechanism associ
ated with the interaction. In this paper we have considered the possible role 
of a thermal instability to account for the Ho: morphology, with the follow
ing scenario. Initially (T N 5 x 106 K), the characteristic conductive time, 
tcond, is much shorter than the characteristic radiative time trad and the 
plasma cools predominantly by thermal conduction. This is consistent with 
the observed plasma expansion along the legs of the loops in the vicinity of 
an interaction site as recorded in the green-line images. At lower tempera
tures (T N 106 K), radiative cooling of the dense condensation is then more 
efficient than conductive cooling (trad < tcond), which is the condition for 
the onset of the radiative (thermal) instability in the solar corona. With 
further decrease in T, plasma inflow to the interaction site commences - to 
maintain constant pressure (isobaric regime of thermal instability) (N e ex 
T;l). For T< 105K, recombination of hydrogen ions becomes more efficient, 
producing Ho: emission. The plasma becomes optically thick, radiative cool
ing is then less efficient, and the thermal instability ceases. The "confined" 
plasma volume then tends to an overpressured state, and loses energy most 
efficiently by plasma flows along field lines with Vs (initially) N 10 km s-l, 
in agreement with the observations. 
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1. Abstract: 

We study the magnetic field evolution during flares of M and X-class, using overlays of 

cotemporal Ha-filtergrams and magnetograms. Significant decrease in the area-averaged 
magnetic shear was found in some cases around the flare onset-time, increasing subsequently as 
the flare progressed. However, the changes were less pronounced for relatively smaller M-class 
flares. Strong Lorentz forces were found to exist at the photosphere, acting against the observed 
motions of sunspots. Extrapolated potential field indicated presence of a magnetic nuJI at the 
upper chromospherellower coronal height, directly above a large Ha flare. 

2. Introduction: 

Strong transverse magnetic fields, gradients, electric currents, and shear are usually found to be 
associated with locations of large flares (Hagyard 1992). Since flares are believed to derive their 
energy from magnetic fields, it is expected that these parameters should undergo detectable 
changes at least during the course of major flares. Previous studies have reported a variety of 
changes before, during and after some flares (Hagyard et al. 1990, Ambastha et al. 1994, Wang 
et al. 1994). The main problem is due to uncertainties and errors in me'asuring the weak linear 
polarization signal corresponding to the transverse component of magnetic field -- which in 
turns, is used to derive nonpotentiality or shear. Graphical presentation of shear is usually made 
only along the neutral lines, which ignores the overall (areal) magnetic field development in the 
active region. Using a quantitative, area-averaged shear parameter, we have studied some flares 
of M and X-class where cotemporal and cospatial Ha-filtergrams and magneto grams were 
available at the NASNMSFC solar facility. In order to understand the mechanism of the 
magnetic energy storage, we have also estimated the electrical currents, and Lorentz forces in 
relation to the observed photospheric motions. 

3. Results and Conclusions: 

Variation of area-averaged shear for a large X4.7/4B flare in AR6555 is given in Figure 1 
(Ambastha et al. 1994). Marked decrease in shear is evident from its pre flare value at the flare 
onset-time, while, no change was observed in other locations. Another important feature, namely 
a magnetic null, was found to exist at the upper chromosphere/lower coronal height above the 
flaring location (Fontenla et al. 1995). As the plasma-~ would be near or above unity near the 
null location, large electric currents may easily be produced by externally driven motions. 
Flaring activity, including three X-class flares during March 25-26, 1991, occurred mostly at this 
location. Significant horizontal Lorentz forces, with peak magnitude of about 2xlO-3 N m-3 were 
found to exist very close to the polarity inversion line, opposing the observed sunspot motions. 
The buildup of free-magnetic energy in the upper atmospheric layers, stored in the form of field
aligned currents can be studied by computing the work done by Lorentz forces at the 
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photosphere. These Lorentz forces may correspond to the pressure-driven horizontal plasma 
motions that produce magn.!tic free-energy storage. The direction and magnitude of the Lorentz 
forces agree well with the shear buildup and flaring in the active region. It is estimated that the 
energy buildup over a day is marginally enough to supply the energy released in the X-class 
flares of AR6555 (viz., -1031 ergs). 
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Figure 2 shows another interesting and good case of shear variation obtained for the 
M7.3/4B class flare of September 29, 199I1l5:l3UT. This particular flare occurred at a site of 
weak magnetic field and low shear, and was associated with a massive filament eruption. 
Significant shear variation wa~ found at the flare-location, before, during and after the flare as 
compared to other neighboring subareas. However, changes in shear in both these events were 
not as impulsive or large as reported by Wang et at. (1994). For three other smaller M-class 
flares, similar shear plots showed only marginal variations in their shear parameters. 

Existence of large shear alone was not found sufficient for flaring. Strong shear existed 
in some subareas of AR6555 which did not produce significant flares, while, large flares 
occurred in some 'locations having weak shear, e.g., X4.7 flare of March 26, 1991, and 
September 29, 1991. Additional factors sllch as large sunspot motions, 8-spots, and rapid 
magnetic field evolution appear to be important. 
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The flares of May 13 and May 16. 1981 are very notable flares during so
lar cycle 21. The flare on 4 Feb., 1986 occured in the solar minimum between 
the solar cycle 21 and cycle 22. It was followed by the strongest magnetic 
storm ever observed since 1960. For all above three flares, there are complete 
observational data which include radio, optical and high-energy emission. 
The occurrence of the each flare was related closely to the movement of 
active filaments in active regions. 

The two-ribbon flares of May 13 and May 16, 1981 took place in active 
region Hale 17644 . There was a filament running through the active region. 
Both 3B flares of May 13 and of May 16 happened near the east segment 
of the large filament. Another major flare on 4 Feb., 1986 occurred in Boul
der 4711(Tang et al., 199.5). Ha observations show that a number of arch 
filaments appeared in AR4711. After 032.5 UT, the activated filaments in 
the north-east in AR4711 began to rise. The filaments kept rising untill the 
large flare started( Oi36UT), when the filaments disappeared completely. 

Based on the K nperus-Raadu model, using the observational data of the 
three flares, we first measured the rising movement of the active filaments 
and obtained the h( t) curves. Then we solved the momentum equations and 
energy equation, obtaining the filament cuurent intensity I( t) and tempera
ture T( t) curves. Finally we analysed and studied the main current systems 
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of the three flares and different magnetic reconnections. We have obtained 
the results as follows: 

(1) The flare-filament current systems have some varieties. For the flare 
of May 1:3, 1981, the current system might be considered as a simple cur
rent loop( Xu et al., 1994). If the Lundquist field is adopted as the current 
distribution within the filament, increase of the filament current implies an 
enhancement of the magnetic twist within the filament. Calculation sho\ved 
that the flare of May 13, 1981 was triggered by the tearing mode sponta
neous reconnection caused by the magnetic twist within the filament. The 
flare May 16, it occurred in the same active region as the flare of May 
1:3, and both eruptions were due to the evolution and the motion of the 
same filament, but the release of the magnetic energy of the May 16fla.,re 
might take place instead in the current sheet beneath the rising filament 
(Martens et at., 1989). This would mean that the flare of May 16, 1981 re
sulted from sheet reconnection. Furthermore the flare of Feb. 4, 1986 may 
be result from the coalescence of two filament current loops (Tang et at., 
199.5). Thus a variety of flares might be explained by different magnetic 
reconnections caused by different filament rising movements and different 
filament current systems. 

(2) The resistive tearing instability could be regarded as the heating 
mechanism of preflare phase (for the flare of Feb. 4, 1986) and sometimes 
may develop into hot phase of the flare (for the flare of May 1:3, 1981). 

(:3) vVhen we solve the momentum equations by using different back
ground fields of the active region at the same conditions for the flare of 
Feb. 4, 1986, which descending with height exponantially (model I; "VlL et 
at., 1992) and smoothly (model II: Low, 1977), only the force free field 
which cha,nges quickly with height (model 1) could fit the observed rising 
movement of filament and causes flare eruption. 

This work is supported by the National Natural Science Foundation of 
P.R.China. 
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MAGNETIC FIELD STRUCTURE AND ACCELERATED 

ELECTRONS IN A GRADUAL MICROWAVE/HARD X-RAY 

FLARE 

H. NAKAJIMA 
Nobeyama Radio Observatory, NAOJ 
Nobeyama, Minamisaku, Nagano 384-13, Japan 

AND 

R. A. SCHWARTZ 
Laboratory for Astronomy and Solar Physics, NASA/GSFC 
Greenbelt, MD20771 and Hughes STX, Lanham, MD20706, 
USA 

We have studied a flare (GOES class: M2.3) on the west limb (H- alpha: 
N18, W78) on 1993 March 23 using microwave (17GHz) and Soft X-ray 
imaging data and also hard X-ray spectrum data. This flare has typical 
properties of "gradual-hard flares". 

Overlays of microwave and soft X-ray images suggest that accelerated 
high-energy electrons partly precipitate into the chromosphere and are 
partly trapped in the soft X-ray loop. 

Figure 1 shows time profiles of the brightness temperature at various 
positions in the microwa.ve source during 0130 UT and 0145 UT in the main 
phase. It can be clearly seen that the time profile at each position along 
the loop shows increasing peak-delay and decay time with increasing height. 
This is interpreted as follows. The gyrosynchrotron emission is extremely 
sensitive to the magnetic field strength, and the magnetic field is probably 
weaker at the loop top than at the loop footpoint. Therefore, higher-energy 
electrons contribute to the microwave emission at the loop top, while lower
energy electrons to that at the footpoint. Higher-energy electrons are more 
easily trapped than the lower-energy electrons. 

The microwave time profile at the loop top (position 3) can be pbtained 
by applying an e-folding decay time of230 s (+/-30 s) to the time profile of 
low-energy hard X-rays (33-42 keY) and shifting the obtained time profile 
by 30 s. This suggests that time variations of high-energy electrons in the 
flaring loop are caused by continuous acceleration with trapping and pre-
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cipitation, and that the acceleration of high-energy electrons at the loop 
top is delayed by 30 s as compared with low energy electrons. 

The peak delay time of the 17 GHz emission at the loop footpoint with 
respect to the low-energy hard X-ray peak time is 47 s which is almost 
the same as that (43 s) of the hard X-ray emissions of 166 - 1099 keY. 
This implies that electrons of almost the same energy contribute to both 
the 17 GHz ~mission and 166 - 1099 keY hard X-rays. The effective energy 
of electrons which contribute to the 166 - 1099 hard X-ray emissions is 
calculated to be 540 ke V. 

From the gyrosynchrotron emissivity for a source with a uniform mag
netic field and an isotropic distribution of electrons whose power-law spec
trum index of 2.9, we can estimate the magnetic field at the loop footpoint. 
The electrons with effective energy of 540 keY mostly contribute to the 
gyrosynchrotron emission around the 10th harmonic which corresponds to 
610 Gauss at 17 GHz. The magnetic field strength at the loop top can be 
estimated to be 190 Gauss using the observed mirror ratio (= 3.2) of the 
soft X-ray loop. Then, we find that electrons with effective energy around 
1 Me V contribute to most of the microwave emission at the loop top. 
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Figure 1. Time Profiles of the brightness temperature at various positions indicated in 
the microwave images (left-lower panel), during 0130 UT and 0145 UT in the flash phase 

Nakajima, H. and Schwarts, R. A. 1995, Ap. J., to be submitted. 



HARD X-RAY AND MICROWAVE OBSERVATIONS 

OF AN IMPULSIVE BURST ON 1994 JANUARY 6 

M. NISHIO, K. YAJI AND T. KOSUGI 
National Astronomical Observatory, Japan 

We describe an impulsive event on 1994 Jan. 6 simultaneously observed 
by the Yohkoh Hard X-ray Telescope (HXT; Kosugi et al. 1991) and Soft 
X-ray Telescope (SXT; Tsuneta et al. 1991), and the Nobeyama Radiohelio
graph (Nakajima et al. 1994) to examine ifloop-Ioop interaction is an origin 
of the impulsive burst. In hard X-rays, onset of the burst is at 04:05:20 UT 
and duration is about 1 min, during which three spikes, each of about 5-s 
duration, are involved. The first two spikes are also detected in microwaves, 
showing a similar time profile to that in hard X-rays. This burst is charac
terized by a simple, quite hard spectrum of hard X-rays. The time profile 
is quite similar in HXT four energy bands, namely L (13.9-22.7 keY), M1 
(22.7-32.7 keY), M2 (32.7-52.7 keY) and H (52.7-92.8 keY). We believe 
that this burst straightforwardly represents the behavior of energetic elec
trons both in hard X-rays and microwaves without serious contamination 
from the thermal emission of flare hot plasma. 

Figure 1 shows overlaid 17-GHz, hard X-ray and soft X-ray images in 
the second spike and a soft X-ray image 3 min after the onset of the burst. 
In the 17-GHz images, two compact sources can be seen with a separation 
of about 60" in the east-west direction. They appear bipolar in circular 
polarization images. The two are quite similar to each other in intensity 
time profile. In figure 1 (b), a loop connecting the microwaves can be seen. 
In hard X-ray images, a compact single-source structure dominated in the 
first and third spikes, but the location of the source seen in the third spike 
shifted to the west by about 10". In the second spike, an elongated source 
structure appeared, which connected the first and third spike sources. Soft 
X-ray images show a bright patch cospatial with this elongated source. On 
the other hand, only the western microwave source is cospatial with the 
hard X-rays. Thus, it seems that the hard X-rays are included in a single 
loop different from a large loop connecting the microwaves. 
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Figure 1. (a) Overlay of 17-GHz images (black contours), HXT M1-band images (white 
contours) and soft X-ray images (gray scales) taken in the second spike. The 17-GHz 
images are shown in brightness temperature with contour levels of 12,500 K X 2n (n=0-8). 
Hard X-ray contours are drawn at 50%, 25% and 12.5% levels of the peak intensity. Frame 
size is 2'.6 X 2'.6. (b) soft X-ray image taken 3 min after the onset of the event. 

Assuming the gyrosynchrotron mechanism for the microwave radiation 
and the thick-target model for the hard X-ray radiation, we estimated the 
electron energy spectral indices for the first and second spikes. The indices 
derived from microwave spectra, which are obtained by radio polarimeters 
at Nobeyama and Toyokawa as well as the radioheliograph, are 3.6 and 4.2 
to the trapped electrons. The indices derived from the data of HXT M1 
and M2 bands are also 3.6 and 4.2. This result strongly supports the idea 
that the microwave and hard X-ray radiating electrons were produced in a 
common acceleration site. 

From these results, we speculate that the emerging flux model sug
gested by Heyvaerts et al. (1977) is one of the most plausible; an emerging 
small loop collides with a pre-existing large loop and produces accelerated 
electrons. Hanaoka suggest similar loop configuration for a series of flares 
observed in NOAA 7360 (1995). As we focused to the event where non
thermal electrons play dominant role, we could describe the relation of the 
loop-loop interaction and the particle acceleration more clearly. 
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IMAGING SPECTRA OF HARD X-RAY FROM THE 

FOOTPOINTS OF SOLAR IMPULSIVE LOOP FLARES 

T. TAKAKURA 
Dept. of Astronomy, School of Science, 
the University of Tokyo, Tokyo 113 

T. KOSUGI AND T. SAKAO 
National Astronomical Observatory, Mitaka, Tokyo 181 

K.MAKISHIMA 
Dept. of Physics, School of Science, 
the University of Tokyo, Tokyo 113 

M.INDA-KOIDE 
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AND 
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3-13 Honohara, Toyokawa, Aichi, 442 

Abstract. The imaging spectra of hard X-rays emitted from one or both 
footpoints of solar impulsive loop flares seem to frequently show a better 
fit to an extremely hot thermal spectrum, on the order of 108 K, than to a 
power-law spectrum, in the main phase of the bursts. 

In the present study this tendency has been verified by the spectra of 
nine impulsive bursts having a sufficient flux for reliable imaging in the H
band (52.7-92.8 Kev) ofthe hard X-ray telescope (HXT) aboard the Yohkoh 
spacecraft. The spectral indexes at the footpoints were derived from the 
hard X-ray images in four energy bands of the HXT; their reliability was 
verified by mapping simulations. 

Since the X-ray spectrum depends on the location in the X-ray loop, the 
spectrum of the total flux is generally different from the spatially resolved 
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spectra. The imaging spectrum is thus crucial for studying the nature of 
the electrons emitting hard X-rays. 

The heat conduction of an extremely hot quasi-thermal plasma seems 
to play an essential role in impulsive loop flares. 

Full paper has been published in Pub. Ast. Soc. Japan, 1995, Vo1.47 , 
355. 
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Figure 1. X-ray contour maps of the burst on 1991 December 16 (Data No.5 in Table1). 
The map size is 91".4 square. Map center is 11'.48 west and 2'.90 south. The minimum 
contour level is O.l-times the peak brightness in each map and the contour step is v'3 
-times (i.e .• logarithmic step). 

Table 1. Physical parameters at the double sources. ")': Spectral index for photon num-
ber. T:Equivalent electron temperature in 108 K. Th:Thermal spectrum. Pw:Power-law 
spectrum. ne:Electron number density in 107cm-3 

Footpoint A, left (or up) Footpoint B, right (or down) 

Data No. 1'1 1'2 1'3 Tl T2 T3 n. 1'1 1'2 1'3 Tl T2 T3 n. 
(3.2 3.5) 1.4 2.0 Pw 17. 4.7 (3.4 3.0) 0.60 1.3 2.4 Pw 8.0 

2 1.3 3.0 4.0 4.4 (1.5 1.6) Th 1.0 1.6 2.5 3.6 2.7 (2.0 1.9) Th 0.26 

3-1 5.1 2.9 3.8 0.50 (1.6 1.8) Th 0.15 1.7 2.0 2.7 2.4 (2.8 2.9) Th 0.58 

3·2 6.0 (3.3 3.0) 0.45 1.4 2.4 Pw 11. (1.9 2.0 2.2) 2.0 2.9 4.0 Pw 6.4 

6.0 4.6 3.9 0.45 0.85 1.7 1.9 (2.9 2.9) 1.9 1.7 2.5 Pw 19. 

5 2.5 3.9 4.6 (1.4 1.1 1.4) Th 4.1 2.6 3.8 4.3 (1.2 1.1 1.5) Th? 3.7 

6 2.6 3.4 4.5 (1.3 1.3 1.4) Th 3.2 2.2 3.2 4.6 (1.6 1.4 1.4) Th 2.0 

7 1.7 3.2 4.6 2.4 (1.4 1.4) Th 2.2 1.9 2.3 3.2 1.9 (2.2 2.2) Th 0.64 

8 (4.1 4.7) 1.0 1.3 Pw? 6.2 1.6 2.2 3.3 2.8 (2.5 2.1) Th 0.19 

9 1.7 2.2 2.9 (2.4 2.4 2.6) Th 0.25 1.7 (2.3 2.4) 2.4 2.4 3.3 Pw 1.2 



NONTHERMAL EMISSIONS IN THE HARD X-RAY AND 

MICROWAVE RANGES FROM FLARING LOOPS 

K. YAJI1, T. KOSUGI1,2, AND M. NISHI02 

1 National Astronomical Observatory, Mitaka 181, Japan 
2 Nobeyama Radio Observatory, NAO, Nagano 384-13, Japan 

Hard X-ray and microwave emissions from solar flares are believed to 
originate from energetic electrons; X-rays are due to Bremsstrahlung while 
microwaves are due to gyrosynchrotron. Thus the two emissions are ex
pected to provide complementary information on the conditions of flaring 
loops as well as energization of electrons. With no doubt we need to have 
simultaneous imaging observations because of complexity of flaring region 
to derive any definitive conclusions. Since the first hard X-ray imaging from 
SMM and Hinotori in early 80s, such attempts have been made. For ex
ample, Kundu (1984) and Nakajima (1991) have summarized simultaneous 
imaging observations for more than several flares. Their conclusions are 
vague, however; the spatial relationship between microwave and hard X
ray sources is quite complicated. Whether the same population of electrons 
is responsible for the two types of emission still remains uncertain. 

Here we present a report of one more trial study on this context. We 
have used advanced instruments for both hard X-ray and microwave ob
servations, i.e., the Hard X-ray Telescope (HXTj typical angular resolution 
'" 5 arcseCj Kosugi et al. 1991) on board Yohkoh and the newly-constructed 
Nobeyama Radioheliograph operating at 17 GHz (typical angular resolution 
'" 15 arcseCj Nakajima et al. 1994). We analyzed 59 flares simultaneously 
observed with these instruments during the period from June 1992 through 
December 1994. The two images, at the peak flux in hard X-rays, were 
precisely coaligned. 

A brief and tentative summary of our observations is the following: 
1) About 40 % of microwave flares consist of two or more sources (even 

with the limited spatial resolution). Hard X-ray sources seem to be more 
compact. This may be partially due to better resolution of HXT, but we 
have cases where this explanation does not apply, i.e., microwave source( s) 
does exist even where no hard X-ray source is observed. 
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2) In the majority ('" 85 %) of flares analyzed, the brightest microwave 
source is accompanied by one or two well-resolved hard X-ray sources. The 
brightest microwave source is usually weakly polarized; '" 90 % of these 
microwave sources show low degrees of circular polarization less than 30 %. 

3) In the remaining minority cases, the brightest microwave source is 
not associated with any detectable hard X-ray sources; one or more hard 
X-ray sources appear elsewhere, mostly where a fainter microwave sources 
is located. Among these cases, about half show relatively high degrees of 
circular polarization more than 20 %. 

These results are consistent with the interpretation (i) that the two 
types of emission mainly originate from near the footpoints of flaring loops, 
where the ambient conditions are suitable for producing the emission, i.e., 
the density is high for hard X-ray production and the magnetic field is 
strong for microwave production; and (ii) that, since energetic electrons are 
bounced back in the magnetic loops by magnetic mirroring and since the 
gyrosynchrotron emissivity strongly depends on the magnetic field strength, 
microwave sources may appear at the site where no detectable hard X
rays are produced. The dependence of degree of polarization on hard X
ray /microwave flux ratio may be understood in this context. 

In-depth analyses are still in progress. 
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HARD AND SOFT X-RAY IMAGES OF AN LDE FLARE 

J. SATO, T. KOSUGI, AND T. SAKAO 
National Astronomical Observatory, Mitaka, Tokyo 181, Japan 

It has long been known that solar flares are classified by their soft X-ray 
(SXR) time profiles into two classes, i.e., Long Duration Events (LDEs) and 
impulsive events. Recently Yohkoh SXT has revealed that LDEs, character
ized by a long duration and gradual decay, usually show a large cusp-shaped 
structure when seen near the limb (Tsuneta et aI. 1992, 1996). In contrast, 
a simple-loop SXR structure is typically seen in impulsive flares with dom
inant double-footpoint hard X-ray (HXR) sources located at the two ends 
(Sakao 1994). Sometimes a weak, compact HXR source is also seen in im
pulsive flares above the apex of the corresponding SXR loop (Masuda et 
al. 1994,1995). Since the HXR emission originates from energetic electrons, 
it is observationally of crucial importance to examine which portion of the 
cusp-shaped LDE structure is the brightest in HXRs. With this problem 
in mind, we present here an imaging observation of an LDE with the Hard 
and Soft X-ray Telescopes (HXT and SXT, respectively) aboard the Yohkoh 
satellite. 

The event occurred on 1993 March 15 at '" 20:00 UT just behind the 
west limb. It is a typical LDEj the hard X-ray emission, with a quite soft 
spectrum even in the rise phase, varies gradually without any remarkable 
spikes. Soft X-ray (from Yohkoh) and microwave (from Nobeyamaj at 17 
GHz) images in the decay phase are compared by Hanaoka (1994), in which 
a well-developed cusp-shaped structure, very similar to the famous 1992 
February 21 flare (Tsuneta et ai. 1992, 1996), is seen. 

Fig. 1 compares an HXT L-band map (14-23 keY; contours) with the 
corresp.onding SXT temperature (right) and emission measure (left) maps 
for the rise phase of the event. [As one can see, the hard X-ray source is 
unusually large (""' 1 arcmin square). This is a common cha.racteristic of 
LDEs which makes HXT image syn1 hesis difficult. In the case of this event, 
occultation of foot point sources by the limb might render this difficulty. In 
spite of this we incorporated a new technique to stabilize the image, which 
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is out of scope of this paper.] From Fig. 1, we derive the following: 

(1) The brightest core of HXR source is cospatial with the loop-top, 
high emission-measure (high density) region seen with SXT. The core 
HXR component seems to extend along the SXR loop structure. Note, 
however, that the observed amount of HXRs cannot be accounted by 
the SXR emission measure and temperature; the latter of which is too 
low (cooler than r'V 1.0 x 107 K). 

(2) Two bright HXR wings are seen, one extending upward and the other 
downward. The former may be a manifestation of high-temperature 
cusp region, while the latter may trace a branch of arcade loops. 

A systematic study of HXR/SXR image comparison of LDEs is under 
way along with improvement of HXT image synthesis tools. 

45.5 46.0 46.5 47.0 47.5 8 10 12 14 16 
Lor{EM) TemperatUl'e ()[K) 

Figure 1. Comparison of HXT map (14-23 keY; contours) with temperature (right) 
and emission measure (left) maps derived from SXT for the 1993 March 15, LDE flare 
(157 X 157-arcsec FOV; solar north to the top, west to the right). 
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ELECTRON ACCELERATION SITE OF THE 1992 SEP. 6 FLARE 

K. FUJIKI 
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K. YAJI 
Graduate University for Advanced Studies, 
Mitaka 181, Japan 
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K wasan and Hida Observatory, Kyoto University, 
Kamitakara, Gifu 506-13, Japan 

In this report, we present results of our analyses of M2.4 -class impulsive 
flare at 0514 UT on Sep. 6, 1992, based upon microwave, X-ray and optical 
observations. 

In the pre-flare phase (0510 - 0513 UT), the soft X-ray image consists 
of a bright loop (loop-1) and a faint loop (loop-2). The loop-2 shows no 
enhancement. Just before the impulsive phase (0514 - 0516 UT), a large 
loop (loop-3) and a tiny loop (loop-4) begin to be seen above both loop-
1 and loop-2 and at the footpoint of the loop-1, respectively. During the 
impulsive and decay phases, a faint loop (loop-5) develops in the west side 
of the loop-3 forming a somewhat cusp-shaped structure in this phase. The 
loop configuration of this flare is drawn in Figure 1 (f). 

Hard X-ray images (23 - 33 ke V) in the impulsive phase consist of three 
sources - double footpoint sources located at both footpoints of the bright 
loop-1 and a loop-top source located around the top of and above the 
loop-1 (Figure 1 ( d), (e)). Loop-5 is not located above loop-1, but is shifted 
laterally to the west direction. There is a large gap between loop-1 and loop
S. These observational facts indicate that they are separate loop systems 
with separate evolution. 
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Figure 1. Two dimensional images of soft X-ray (gray scale), microwave (contour of 
(a)-(c), (1 X 105,5 X 105,1 X 106 K), hard X-ray(contour of (d)-(e), (20, 40, 60, 80% of 
peak)) and schematic drawing of magnetic structure (f). 

Microwave images at 17 G Hz consist of double sources (Figure 1 (a)
(c)). The brighter one (microwave source-A) coincides with the hard X-ray 
source at the southern footpoint ofloop-1, and the weaker one (microwave 
source-B) is located at the northern footpoint of loop-3. The time profile 
of the microwave source-A coincides well with that of the hard X-rays. On 
the other hand, the time profiles of both microwave sources coincide with 
each other in onset times with accuracy of ±3 sec but not in fine structures, 
during 0514 and 0515 UT, and the intensity of the microwave source-B be
comes very weak as compared with that of the microwave source-A between 
0515 and 0516 UT. Lack of coincidence in fine structures of both microwave 
time profiles strongly suggests that high energy electrons in both microwave 
sources are not confined in a single loop but accelerated separately in loop-
1 and loop-3, while good coincidence in their onset times suggests that 
electron acceleration in both sources has close relationship with each other. 

One of possible acceleration mechanism to explain the above observa
tional fact is interaction between the loop-1 and loop-3. It is also possible 
that electrons are accelerated separately in both loops by a high-speed 
reconnection flow from a magnetic reconnection region above both loops 
which is not observed in this event. 



THE HEIGHT DISTIBUTION OF HARD X-RAYS 
IN IMPULSIVE SOLAR FLARES 

LYNDSAY FLETCHER 

Sterrenkundig Instituut, University of Utrecht 
Postbus 80.000, 3508 TA Utrecht, The Netherlands 

1. Introduction 

Matsushita et al. (1992) used the Hard X-ray Telescope on board the 
Yohkoh satellite to image hard X-ray (HXR) emission in 100 impulsive 
flares, and found that low energy emission comes from higher in the corona 
than high energy emission. This confirmed observations by Takakura et 
al (1986) with the Hinotori imager. The HXR emission is thought to be 
bremsstrahlung of non-thermal electrons, but the observed heights are much 
greater than found in previous theoretical calculations. This led to specula
tion that a super-hot (> 1Q8K) plasma was present in impulsive flare loop
tops. However, using a stochastic simulation of electron transport we show 
that the inferred height distribution can be explained by a non-thermal 
model. 

2. The method 

In a stochastic simulation, the progress of numerical test 'particles' is fol
lowed in a prescribed field medium by timestepping a set of stochastic 
differential equations (SDE) for each particle variable (velocity, pitch an
gle cosine, position), simulating at each timestep the diffusive (scattering) 
terms by a number chosen at random from a Gaussian distribution, with 
width depending on Jdt scaled to the local diffusion coefficient. The method 
is based on the equivalence of the set of SDE's and the Fokker-Planck equa
tion, which describes the evolution of the particle distribution function. For 
further explanation see MacKinnon and Craig (1991). This method allows 
accurate modelling of the effects of many scattering and loss terms. In the 
present simulations, Coulomb collisions and magnetic field convergence are 
included, which limits applicability to regimes dominated by classical colli-
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Figure 1. Calculated height distribution and HXR spectra. Loop density is 6 x 1010 cm -3. 

sions (SO, T f'V 107 K, n f'V 1010_1011 cm-3 , if a beam density of f'V 108cm-3 

is used - see van den Oord 1990). In the corona the loop model is semi
circular, with either a constant or exponentially varying field strength, and 
constant density. In the chromosphere, density varies exponentially and the 
field converges; the field strength and shape can be varied. 

3. Results and Conclusions 

In figure 1 we show the results of some simulations at a coronal density of 
6 X 1010cm-3, and the observations of Matsushita et al. It is evident that a 
non-thermal model can explain the present observations. The process is re
peated for other loop and beam parameters (Fletcher, 1995) but with many 
variables in the simulation (beam pitch angle and energy distribution, loop 
length, density and field strength) and few data points, the quantitative 
predictions made are limited. But it is found that the theoretical lines only 
pass through the error boxes of all four data points for loop densities of 
3 x 1010 - 3 X 1011cm-3 and lengths of 1.2 x 109 - 2.7 X 109 cm. Because 
the chromosphere is a thick target, the HXR spectrum produced here will 
always be harder than at the top of the loop, which is less dense. The 
stochastic simulation also permits the angular distribution to be studied, 
and calculations of X-ray polarization fractions could further distinguish 
models if appropriate observations become available. 
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A SOLAR FLARE IN THE FEI 5324 LINE ON 24 JUNE 1993 

LIN YUANZHANG, ZHANG HONGQI AND ZHANG WENJIAN 
Beijing Astronomical Observatory, 
Chinese Academy of Sciences, 
Beijing 100080, China 

The solar telescope magnetograph of the Beijing Astronomical Obser
vatory uses two wavelengths, FeI 5324 and H{3 for the observations of the 
photosphere and the chromosphere (Ai and Hu, 1986). Among hundreds 
of H{3 flares observed since 1987, only a few were accompanied with FeI 
5324 emission. A solar two-ribbon flare of 2B/M9.7 class, with both H{3 
and FeI 5324 emissions, was observed in the region AR7529 (S13, E65) on 
24 June 1993. The Ha emission of the flare started at 07:18.5UT, peaked 
at 07:30.2UT and ended at 09:12UT (Solar Geophysical Data, 1993). 

The emission of the FeI 5324 line is originated from the lower photo
sphere. Our calculation, which is similar to that of Zhang(1986), shows that 
for this flare with a heliocentric angle of 65 degree, the emission region of 
the flare observed on FeI 5324 was located at a height of about 180km above 
TSOOO=1. This is far lower than the excitation height (>273km) for the well
known white-light flare on 7 August 1972 (Machado and Rust, 1974). The 
FeI 5324 line is also not included in the list of outstanding spectral lines of 
solar flares complied by Svestka (1976). So it seems that the atmospheric 
excitation of most flares can not reach such depth of the FeI 5324 emission, 
and this is likely the reason why FeI 5324 flares are so rare. 

It is well accepted that the regions of the initial energy release in solar 
flares are located in the corona and the optical flares are the secondary 
phenomena resulted in the energy transferring downward from the corona. 
Evidently, in a Fer- 5324 flare, which is an indicator of the excitation in the 
lower photosphere, the disturbing energy from the upper atmosphere must 
be useful for understanding the physical process of flares comprehensively 
and thoroughly, and may be very tremendous in order to transport the 
energy downward to the dense atmosphere of the lower photosphere. In 
other words, a FeI 5324 flare must be ranked as a violent event. Therefore, 
FeI 5324 flares represent another extreme case in flares, and to study them 
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will be useful for clarifying some arguments in the study of white light 
flares. 

For this flare, besides optical observations, there are rich data of radio 
observations (Solar Geophysical Data, 1993). The radio bursts of various 
frequencies, ranging from 33 MHz to 50000 MHz, were recorded by many 
observatories, including a set of complete records in 3.1,5.2,8.4,11.8,35.0, 
and 50.0 GHz at the Bern Observatory in Switzerland. Bern's records show 
clearly that both the beginning and peak times of the bursts shift gradually 
from low to high frequency, indicating a downward movement of the parti
cles. Assuming that the source model for the slowly varying component of 
radio radiation (SVC) is valid during the flare and adopting an approxima
tion of dipole magnetic field (Zhao, 1993), a velocity of about 1000km/s for 
the downward moving particles could be derived. In the meantime, from 
07:24 UT to 09:00 UT, the meter bursts oftypes II, IV and IIIG were ob
served at the Observatories of IZMIRAN (Russia), Learmonth (Australia) 
and San Vito (Italy), indicating a particle movement outward with a ve
locity of 2500km/s. These confirm the description on the movements of the 
energetic particles in the flare model proposed by Sturrock (1968). 

Based on the synthetic analyses of the optical and radio data, the possi
ble mechanism of the FeI 5324 emission is suggested as follows: As a result 
of hitting the chromosphere by the particles, a condensation with a temper
ature higher than that below it was formed near the transition region(h ~ 
1400 km). Then the lower photosphere was heated through the backwarm
ing (Gan and Mauas, 1994), and the FeI 5324 flare occurred as an indicator 
of the excitation in the lower photosphere. 
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ARE WHITE-LIGHT FLARES RELATED TO HIGH-ENERGY 

PARTICLES? 

C. FANG, M. D. DING, J. HU AND S. Y. YIN 
Department of Astron01ny, Nanjing University, Nanjing, China 

Solar white-light flares (WLFs) are defined as those flares which are 
visible in optical continuum. Up to now, only less than 100 WLFs have 
been reported. WLFs are of great importance because they present the 
most extreme conditions in solar flares and provide a severe challenge to 
energy transport mechanisms and atmospheric models. 

In studying the mechanisms and the atmospheric models of WLFs, it 
is important to distinguish two extreme types of WLF (Machado et at., 
1986): Type I, showing a Balmer jump and strong Balmer lines, and Type 
II, showing weak Balmer emission and without Balmer jump. Recently, we 
have analysed the spectra of four WLFs (Fang and Ding, 1995 and refer
ences therein). Among them, the flare of 1991 October 24, 1974 September 
10 and 1974 November 11 belong to Type I WLF, while the 1979 Septem
ber 19 event may be classified as a Type II WLF. By comparing the data 
of the four WLFs, we noticed that there are obvious differences in three 
respects for the two types of WLF: 

(1) For the Type I WLF, there is a good time correlation between the 
peak of continuum emission (CE) and the associated peaks in hard X-ray 
(HXR) and the microwave radiation. The mean lag of the CE peaks for the 
three type I WLFs is less than about lOs. However, for the Type II WLF, 
the 1979 September 19 event, the maximum of CE appeared 2-3 minutes 
earlier than that of the radio burst. 

(2) For the Type I WLF, there is a strong Balmer jump in the spectrum; 
while for the Type II WLF, the Balmer jump is very weak or disappears. 

(3) For the Type I WLF, the Balmer lines are strong and very broad, 
with generally strong central reversals at the strongest Balmer lines (Ha 
etc.). For example, in the case of the 1974 September 10 WLF, the Balmer 
lines as high as H15-H16 can be distinguished. The full widths of H14-H15 
lines may attain as broad as 4-.5 A. On the contrary, for the 1979 September 
19 event, as a typical Type II WLF, Balmer lines are weak and no Balmer 
lines higher than H11 appears. 

By use of the non-LTE semi-empirical modelling, we pointed out that 
the atmospheric structures of the two types of WLFs are different: for 
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the Type I, the chromospheric temperature is greatly enhanced, while the 
increase of the photospheric temperature is relatively small; for the Type 
II, the situation is just the contra.ry. Our analyses also indicated some 
evidences which show that the Type I WLF being related to electron beam 
bombardment: 

First of all, as indicated above, the maximum of CE in the Type I WLF 
coincides well with the peaks of HXR and microwave bursts, with a time 
lag less than about lOs. It is a strong evidence that indicates the Type I 
WLF being related to non-thermal particle bombardment (see also Neidig 
and Kane, 1993). 

Second, t.he appearance of a strong Balmer jump implies the great en
hancement of Hbf emission, which not only is a result of the obvious increase 
of temperature in the chromosphere, but also mainly comes from the non
thermal excitation and ionization of hydrogen by the electron beam bom
bardment (Fang et al., 1993). The role of a proton beam is less important. 

Third, one of the typical characteristics of the Type I WLF, i.e., strong 
and very broad Balmer lines with central reversal in the strongest Balmer 
lines, can be well explained by the electron beam bombardment. 

It is obvious that electron beams can not heat the photosphere directly. 
However, the radiative backwarming proposed by Machado et al, (1989) 
may be a viable mechanism for the transportation of energy from the upper 
chromosphere to the lower atmosphere. 

Our calculations indicated that if the flare occurs in the penumbra of 
a sunspot, the Balmer jump caused by non-thermal effects would be much 
stronger than in the photosphere and in the flaring atmosphere. It is also 
showed that the Balmer jump caused by the electron beam bombardment 
would be strong just at the beginning of the flare, when the coronal col
umn mass is low. Another important point is that the continuum contrast 
depends much on the position of the flare at the solar disk. 

Thus, the Type I WLF is probably related to electron beam bombard
ment, while the Type II WLF is not. 
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X-RAY LINE SHIFT AND PLASMA FLOW IN SOLAR FLARE 

M. TAKAHASHI 
Graduate University for Advanced Studies 
Mitaka, Tokyo 181, Japan 

AND 

T. WATANABE 
National Astronomical Observatory of Japan 
Mitaka, Tokyo 181, Japan 

The flare of 1992 August 17 23:58 UT, which was studied by Enome 
et al. (1994) and Takahashi et al. (1995), occurred around the disk center 
of the sun. Because the flare had a single bright loop, the upflow of hot 
thermal plasma was able to be observed by Yohkoh with high time and 
spatial resolutions. Helium-like calcium ( CaxIX ) spectra observed by BCS 
give us information on the line-of-sight velocity of the evaporating plasma. 
By fitting two-component theoretical spectra, the upward velocities were 
obtained (see Table 1.). The velocity at 23:59:26 UT decreased to about 
three-fifth of that at the beginning of the flare, 23:58:56 UT. 

On the other hand, the temporal changes of SXT intensity distributions 
(Figure 1) give the transverse velocity Vi, if evaporating plasma is regarded 
as a blob which corresponds to a SXT pixel of intensity peak in the time
differentiated SXT images. Consistency of the BCS vertical velocity and 
the SXT transverse velocity can be checked, if an upright and semi-circular 

TABLE 1. Plasma velocity observed by Yohkoh 

Time(UT) BCS(km/s) 
SXT(krn/s) 

Vi VI Vs 

23:58:56 280 180 460 490 
23:59:06 260 350 280 450 
23:59:16 190 180 70 190 
23:59:26 170 180 20 180 
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Figure 1. Schematic Diagram (left) and temporal changes of SXT intensity distrubutions 
(right) of the Haring loop. In right, circles mean the movement of plasma in the loop. 

flaring loop is assumed. The vertical motion of the blob is derived from the 
observed transverse velocity and the blob position along the loop. Then, 
the blob velocity Vs in the loop can be calculated (Table 1.). The line
of-sight velocity Vi estimated from SXT continues to decrease from the 
beginning. The decrease rate ( -dVi/dt ) is larger than that from BCS. 
The dissimilarity might come from the difference of plasma temperatures 
observed in the SXT Be-filter and the Caxlx resonance line. 

The net increases of the thermal energy and the kinetic energy due to 
the excess line broadening during the period of 23:58:56 - 23:59:58 UT are 
1.3 X 1029 ergs, and 1.8 x 1028 ergs, respectively. The net increase of the total 
energy is, therefore, 1.5 X 1029 ergs. The net enthalpy increase through the 
upflow is estimated to 1.8 x 1029 ergs, taking the radiative and conductive 
losses from the loop into account. The result is consistent with the scenario 
that thermal energy is injected from footpoints of a flaring loop (Antonucci 
et al. 1982) 

The conductive and radiative loss of the SXT blob is estimated to be 
about 4.4 x 1027 ergs during its travel along the loop (23:58:46 - 23:59:16 
UT), if the plasma parameters of the blob (log Te = 6.86 and log EM = 
47.7) at the footpoints (23:58:46 UT) are used. The difference ofthe thermal 
energy of the blob between the epochs of 23:58:46 UT (when it was at the 
footpoints) and 23:59:16 UT (at the loop top) is about 7.7 X 1027 ergs. 
This implies that the blob was heated only at the footpoints and that no 
additional heating took place during its travel along the loop in the corona. 
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X-RAY OBSERVATIONS OF AN OVER-THE-LIMB SOLAR 

FLARE WITH LARGE SPECTRAL LINE SHIFTS 

A.C. STERLING 
Computational Physics Inc. 
2750 Prosperity Ave., Suite 600, Fairfax, VA 22031, USA} 

L.K. HARRA-MURNION 
Mullard Space Science Laboratory 
U. College London, Holmbury St. Mary, Surrey RH5 6NT, UK 
H.S. HUDSON 
Institute for Astronomy, University of Hawai'i 
Honolulu, HI 96822, USA} 

AND 

J.R. LEMEN AND K.T. STRONG 

Lockheed Solar and Astrophysics Laboratory, Dept. 91-30 
B/252, 3251 Hanover St., Palo Alto, CA 94304, USA 

1. Introduction 

Using data from the Yohkoh Bragg crystal spectrometer (BCS) and soft x
ray telescope (SXT)', we study a solar flare of 15 April 1993 which occurred 
at about 9 UT. SXT observations indicate that the flare occurred well be
yond the western solar limb, meaning that our observations are restricted to 
the upper-most portions of the flaring structure. Rise-phase BCS spectra 
show strong bulk lineshifts, that is, shifts of the entire spectral line pro
files. Concurrent with these bulk lineshifts, the spectra show "blue wing" 
asymmetries. Both bulk lineshifts and blue wings are very infrequent char
acteristics of flares observed near the solar limb. Our studies give us insight 
into mass motions along flaring loops, and information about the upper
most regions of solar flares. Sterling et al. (1996, ApJ., in press) give a full 
report on this event. 

lCurrent address: ISAS, Yoshinodai 3-1-1, Sagamihara, Kanagawa 229, Japan 
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2. Observations 

We find for the flare of 15 April 1993: 

1. The event occurs beyond the solar limb, with at least the lower 80xl03 

km of the flaring structures occulted by the solar limb. 
2. BCS spectra from the Fe xxv (1.8298 - 1.8942 A), Ca XIX (3.1631 -

3.1912 A), and S xv (5.0160 - 5.1143 A) channels show strong bulk 
blue shifts early in the rise phase (N 9:02 - N 9:04 UT). 

3. BCS spectra later in the rise phase show distinct bulk red line shifts 
(N 9:04 - N 9:12 UT). 

4. Concurrent with the bulk blue and red line shifts, BCS spectra also 
show blue wing asymmetries throughout the rise phase. 

5. Non-thermal velocities during the event are highest at early times, and 
then decrease toward a constant, non-zero value later in the event. 

3. Discussion 

Our observations are consistent with assuming that the coronal structure 
of the 15 April 1993 flare consisted of a single loop oriented edge-on with 
respect to the Earth, with upward-directed mass flows along the loop. One 
leg of the loop would be nearer the Earth than the other leg. Most of the 
time, flows along the near-leg would be red-shifted as the material recedes 
away from Earth while climbing up the loop leg toward the loop apex. 
Similarly, flows along the far-leg would be blue-shifted, assuming upflows 
from each loop footpoint. Seen from Earth, more of the far-leg of the loop 
would be occulted by the Sun's limb than the near-leg, so that more of 
the red-shifted material will be visible than the blue-shifted material. That 
would lead to more of the observed emission measure being red-shifted than 
blue-shifted. This is just what we see in the BCS spectra: except for the 
earliest times, red-shifted emission contains most of the emission measure, 
resulting in bulk red shifts, whereas a minority of the emission measure is 
blue-shifted, resulting in blue wing asymmetries to the spectral lines rather 
than complete (bulk) blue shifts of the lines. If the bottom portion of the 
near-leg is inclined toward Earth, then motions along this lower portion of 
the loop can explain the early-time bulk blue shifts of the spectral lines. 

We find non-thermal line broadenings in spectra of this flare which are 
qualitatively and quantitatively similar to line broadenings in spectra of 
non-occulted disk flares. This implies that the mechanism which creates 
the non-thermal line broadenings must be operative high in the coronal 
portion of the flaring structure. This is similar to the result found by Khan 
et al. (ApJ Letters, Oct 1995) for flares that were less occulted than the 
15 April 1993 event. 



DYNAMICAL RESPONSE OF THE SOLAR ATMOSPHERE 

TO FLARE HEATING 

E.K. NEWTON, A.G. EMSLIE 
Department of Physics 
UAH} Huntsville} AL 35899} USA 

AND 

JOHN T. MARISKA 
E. O. Hulburt Center for Space Research 
Naval Research Labomtory} Washington} D.C. 20375 

Our ability to test aspects of solar flare energy transport models hinges 
on our adequately characterizing the SXR-emitting plasma's motions. In 
particular, to test the electron beam model of energy transport, we must 
obtain an accurate representation of the plasma's velocity distribution, and 
thereby momentum, contemporaneously with profiles of the HXR flux and 
spectrum. 

By defining the velocity differential emission measure (VDEM; Newton, 
Emslie, & Mariska 1995), we can obtain a physical measure of the amount 
of SXR-emitting plasma flowing at each velocity v, without approximation 
or parametric fitting. Formally we write the observed line profile I( >.) as 
a convolution of this emission measure with a Doppler-displaced, unit line 
profile K(>., v): 

where 

1(>')= 47r~2J VDEM(v) K(>.,v) dv, 

dV 
V DEM(v) = n;G(T)Tv' 

(1) 

(2) 

VDEM measures the amount of power emitted by a volume element of 
plasma (with a specified electron number density ne and emissivity G(T)) 
moving with a given line-of-sight velocity v. Simplistically, K(>., v) is a 
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Gaussian centered on Ao(1 - v / c), but in practice the shape of this ele
mentary profile is complicated somewhat by the presence of other spectral 
features. Spectral line profiles may be synthesized from theoretical hydro
dynamic models by first forming VDEM( v) using equation (2) and then 
substituting the result in equation (1). Alternatively, we may deconvolve 
Ca XIX spectral line profiles observed by the Yohkoh BCS using equation 
(1) to recover VD EM and hence characterize the flare's SXR plasma flows. 

We use VDEMs inferred from observed solar flares to compute the mo
mentum M of the emitting plasma and its temporal evolution. We can then 
correlate this information with the HXR flux observed by the Yohkoh Hard 
X-Ray Telescope. For electron beam heating, we expect, from Newton's law 
and a more rigorous analysis of the hydrodynamic equations, t~at the sec
ond time derivative of the momentum will be proportional to the intensity 
of the HXR burst for short-duration events. This M '" IHxR relationship 
is born out by an analysis of 18 disk-center impulsive flares of varying du
rations. Impulsive flares with short-duration HXR bursts (t ~ 20s) exhibit 
the anticipated correlation. The longer the rise times and burst durations, 
the poorer the correlation, as expected. These results lend strong support 
to the idea that an energetic electron flux is indeed responsible for the SXR 
atmospheric response observed in solar flares. 

VDEM can also be correlated with the Yohkoh Soft X-Ray Telescope 
(SXT) images. While VDEM provides information on the line-oj-sight ve
locity component of the emitting plasma, changes in SXT images reflect the 
transverse velocity of the moving plasma. We are therefore able to build a 
more comprehensive understanding of the flow structure by correlating the 
appearance of VDEM features with cotemporal brightenings in the SXT 
images. In addition, SXT images permit a distinction to be made between 
actual plasma flows and the appearance of new emission in a different area 
of the active region, both of which are manifested in VDEM as plasma mo
tion. In this way, we are able for the first time to couple spatially-unresolved 
spectroscopy with spatially-resolved images. 

Newton, E.K., A.G. Emslie, & J.T. Mariska 1995, ApJ, 447, 915 



EFFECTS OF NON-THERMAL PARTICLES ON THE UV AND 

OPTICAL SPECTRA OF SOLAR FLARES 

J.-C. HENOUX 

Observatoire de Paris, DASOP URA326, Meudon 92195, France 

AND 

C. FANG 

Department of Astronomy, Nanjing University, China 

1. Introduction 

In solar flares, energetic electrons or protons can be present with non
maxwellian and non-isotropic velocity distribution functions. The simplest 
case is the atmospheric bombardment by electrons of more than 10 keY or 
by protons of more than 1 MeV. Beams of these particles are known to be 
detectable by their X-ray continuum or ,-ray line emission. However, non
thermal electrons and protons of energy as low as 100 keY can be detected 
by the use of less energetic photons in the UV and visible wavelength range. 

2. Continuum Emission 

2.0.1. White light flares 
The enhanced hydrogen ionization due to electron beam bombardment 
leads to an increase of the recombination rates and consequently to an 
enhancement of the bound-free continua. A significant Balmer jump is one 
of the typical signatures of electron bombardment [1], [2]. 

2.0.2. Negative flares 
A two steps process has been suggested to explain the heating of the upper 
photosphere in white light flares, i.e. a non-thermal ionization leading to an 
increase of the opacity of the upper photosphere and consequently followed 
in a few seconds by its radiative heating. Therefore, a small and short 
duration darkening is expected to precede the white light flares [3]. 
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3. Line Profiles 

3.1. ELECTRON BEAMS 

As soon as the energy flux in the beam is higher than a few 1010 ergs cm- 2 

s-l, the hydrogen Ha line intensity increases by a factor 2 to 5. The line is 
widely broadened and its central reversal becomes very large. In the UV, 
significant enhancements of the line wings of the Lya and Ly j3 lines are 
predicted at the beginning of the impulsive phase of flares [4]. 

3.2. PROTON BEAMS 

No strong broadening and no central reversal are expected from proton 
bombardment [5]. The main effect of protons on atomic lines profiles is the 
enhancement of the red wing of the profile of some hydrogen lines resulting 
from proton-hydrogen charge exchange. Negligible in the Ha line wing, the 
line emission resulting from proton-hydrogen charge exchange is expected 
to be significant in the red wings of the hydrogen Lya and Lyj3 lines [6]. 

4. Line Impact Polarization 

Another spectroscopic signature of particle bombardment is the impact 
polarization of atomic lines. Protons beams can generate linear impact po
larization in atomic lines in the radial direction [7]. Local anisotropies of 
the cold chromospheric protons associated to current closure during elec
tron bombardment could also lead to radial linear polarization [8]. Electron 
beams may produce tangential line linear polarization [9]. 
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A STUDY OF THE THERMAL/NONTHERMAL ELECTRIC 

FIELD MODEL USING SPECTRAL AND SPATIAL X-RAY 

DATA FROM CGRO AND YOHKOH 

T.A.KUCERA 
National Research Council/NASA/Goddard 
Code 682, NASA/GSFC, Greenbelt, MD 20771, U.S.A. 

We have analyzed the solar Hare of 1538 UT, 17 Feb. 1992 in terms 
of a model in which electric fields produce both thermal emission from 
Joule heated electrons and nonthermal emission from runaway electrons 
(Holman 1985, Benka & Holman 1994). The Hare was observed by the 
Compton Gamma Ray Observatory Burst and Transient Source Experi
ment (BATSE), the Yohkoh satellite, and GOES. The Yohkoh images show 
a single soft X-ray loop with hard X-ray sources at the loop footpoints and 
at the looptop. We assume in our model that the electric fields are parallel 
to the length of the loop, the hard X-ray footpoint emission is nonthermal 
thick-target emission, and the looptop emission is thermal emission due 
to Joule heating. The measured BATSE hard X-ray spectra were fit with 
functions derived from the electric field model. The work is described in 
greater detail in Kucera et al. 1995. 

We find the following: 

1. It is not possible to determine unique spectral fits using the ther
mal/nonthermal model, because a wide range of model parameters re
sult in essentially the same X-ray spectra. This is because the different 
sets of parameters produce identical electron distribution at high ener
gies, and these high energy electrons dominate the entire nonthermal 
photon spectrum. 

2. We are able to determine the temperature and emission measure in 
our model source (Te '" 4 - 5 X 107 K, and EM '" 1 X 1046 - 2 X 1047 

cm-3 ). These values are similar to those of the hard X-ray loop-top 
source observed by the Yohkoh/Hard X-ray Telescope (HXT), although 
the values derived from HXT vary over a large range. 

563 

Y. Uchida et al. (eds.). 
Magnetodynamic Phenamena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity. 563-564. 
© 1996 Kluwer Academic Publishers. 



564 

12 r--r--.---r-1 -r--.---.--1 -.-----,.----1r----1.2 

E 
(} 

, 
ii 

"b 10'- " ~ • 1 
I. 

- 1.0 

c: o 
'0 
(J) 

a: 
c: 
o 
'iij 
.... 
(J) 
(jj 
g 
« 
'0 
C 
(J) 

;B 
E 
:::I 
E 
.~ 

~ 

8-

6-

4-

2c-

--

~ ! 
! ~BATSE I Counts ;. 

- 0.8~ 

1 'T(/) 

/ 1 'l'E 
r' ! 0 

! - 0.6Ja 1._._._._._._._._._._._ c: 

T 

::J 

8 
UJ 
C/) 

- 0.41-
.,sXT Loop Length ca 

3a .j. 

1aT·········· '" T"'T -0.2 
··························t······· 

o '--_"---_-'--_-'-1_--'_---''---_'--1_-'--_-'--_-'--1----,0.0 
1540 1541 1542 1543 

Universal Time 

Figure 1. The 10- (dotted line) and 30- (solid line) upper limits on the length of the 
acceleration region at different times during the flare. No upper limits could be found 
from 1540:33 - 1541:04 UT, because there were no maximum values in the range of 
parameter space for which our model is valid. We believe that the time variation in the 
upper limit is due more to changes in the energy range of the flare data (determined 
by the measured count rate above the background level) than to actual changes in the 
length of the acceleration region., The dashed line is the BATSE Spectral Detector (SO) 
time profile (High time resolution SO data is only available from 1540:33 - 1542:10 UT). 

3. Limits to nonthermal parameters were also calculated, including the 
extent of the region in which the electric field causes runaway electron 
acceleration (see Figure 1). We find that this distance must be shorter 
than the length of the flaring loop (i.e. < 3 X 109 em). Variations in the 
density and temperature could lead to this result, while still allowing 
the bulk drift current to reach the chromosphere. 
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ENERGIZATION OF THE 10-100 KEV ELECTRONS IN SOLAR 

FLARES BY STRONGLY-DRIVEN RECONNECTION 

R.L. MOORE 
NASA/MSFC, ES82, Huntsville, AL 35812 

T.N. LAROSA 
Kennesaw State College, Marietta, GA 30061 

J.A. MILLER 
University of Alabama in Huntsville, Huntsville, AL 35899 

AND 

S.N. SHORE 
Indiana University South Bend, South Bend, IN 46615 

Abstract. We have developed a cascading-turbulence model for the ener
gization of the electrons for the impulsive hard X-ray emission from flares 
(LaRosa & Moore 1993; LaRosa, Moore, & Shore 1994; Moore, LaRosa, & 
Orwig 1995). In our model, these electrons are energized via strongly-driven 
reconnection within the flaring magnetic field. The reconnecting fields press 
together over a large interface (~109 em across in large flares). Because the 
field has fine-scale substructure (close-packed flux tubes, each ~ 108 em 
in diameter), the reconnection is very disordered, proceeding in many fine
scale bursts thickly scattered over the interface. Each burst is the reconnec
tion of a pair of opposing flux tubes. Because the reconnect ion is strongly 
driven, each reconnection burst lasts for about the Alfven crossing time of 
a flux tube. The outflows from each of these fine-scale reconnections are 
Alfvenic and hence MHD turbulent. The largest eddies in this turbulence 
have Alfvenic circulation and have diameters no larger than those of the 
reconnecting flux tubes. Each large eddy dissipates in one turnover time (f'V 
its Alfven crossing time) by cascading to smaller scales. The compressive 
component of this cascading MHD turbulence dissipates into the electrons 
via Fermi acceleration. This process dumps energy into the electrons but not 
the protons because at coronal temperatures the electrons are fast enough 
to interact with the magnetic compressions in the turbulence but the pro-
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tons are much too slow (see Figure 1). This dissipation gives the average 
electron the kinetic energy of a proton moving at the Alfven speed. Thus, 
for the Alfven speeds ('" 2 X 108 cm/ s) and electron densities ('" 1010 em -3) 

expected in the reconnecting coronal fields in active-region flares, each re
connection event produces a sub second burst of :: 1034 electrons energized 
to f'V 20 keY (having a total energy of ~ 1027 erg), in agreement with the 
subsecond spikes observed to be typical in the impulsive-phase hard X-ray 
emission from flares. In large flares, '" 100 fine-scale reconnect ion events are 
in progress at once over the large-scale interface, bulk-energizing electrons 
to hard X-ray energies at a total rate of f'V 1036 electrons/s or '" 1029 erg/s, 
as required by the observed hard X-ray emission. 

Figure 1. Diagram of particle velocities (vII'v~) in the frame of a moving 
magnetic compression. This diagram shows that there is a minimum speed that par
ticles (electrons and protons) must exceed to be reflected by the compression. Because the 
magnetic compression (of amplitude 6B) propagates along the ambient magnetic field (of 
s~rength Bo) at nearly the Alfven speed VA, the thermal electrons and protons are spher
ically distributed about a point near VA on the vII axis. Only particles with large enough 
pitch angles e' can be reflected and Fermi accelerated by the moving magnetic compres
sion; the minimum pitch angle for reflection is given by sin e:".n = [Bo/(Bo + 6B)p'2. 
The diagram shows that particles with speeds less than Vm'n = VA sin e:".n have pitch 
angles less than e:".n. Therefore, particles with speeds less than V m ' n are not Fermi 
accelerated. For (6B)/ Bo < < 1, sin e:".n ::::: 1, and Vm ' n ::::: VA. For coronal conditions 
in active regions (temperature,.... 106 K and VA ,.... 2 X 108 cm/s), most of the electrons 
have speeds greater than VA but hardly any protons have speeds greater than VA. Con
sequently, the electrons are efficiently Fermi accelerated by the magnetic compressions 
in the reconnection-driven MHD turbulence in flares but the protons are not. 
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OBSERVATIONS OF THE CREATION OF 

HOT PLASMA IN SOLAR FLARES 

S.K. SAVY 

Mullard Space Science Laboratory 
University College London, Surrey RH5 6NT, UK 

Abstract. 
During the impulsive phase of many solar flares, expanding soft x

ray sources are observed in high resolution soft X-ray images of the flare 
loops. Identifying the precise nature of the expansion and its relation to 
blueshifted emissions is important in resolving the mechanism of energy 
transfer to the hot plasma in the impulsive phase. 

Fourteen flares were observed with the Soft X-Ray Telescope (SXT), 
Bragg Crystal Spectrometer (BCS), and the Hard X-Ray Telescope (HXT) 
on the Yohkoh satellite. Each of these events consisted mainly of a well re
solved single soft X-ray loop with sources that expanded and merged during 
the impulsive phase. It was found that: (i) Most ofthe flares exhibited asym
metric line broadening due to blueshifted emissions. The intensity of the 
CaXIX blueshifted emission varied in proportion to the time differential of 
the stationary emission intensity, and in proportion to the hard X-ray flux. 
All the flares exhibited the Neupert effect. (ii) Soft X-ray footpoint sources 
expanded along coronal loops during the period of blueshifted emission. The 
flares eventually evolved into single stationary loop top sources at the end 
of the impulsive phase. Hard X-ray sources were spatially coincident with 
soft X-ray footpoints. (iii) Flow velocities estimated from soft X-ray source 
expansion rates in SXT spatial image sequences indicated the presence of 
high velocity mass motions (N 150-550 km S-l), and are consistent with 
velocities extracted from two-component fits to CaXIX spectra of some of 
the flares (N150-300 km s-l), (see Table 1). 

The results of the analysis show that flares with a simple loop structure 
and bright flows from footpoints exhibit asymmetric line broadening with 
bluewing intensities that evolve in proportion to the simultaneous hard X
ray count rate. The evolution of the bluewing in relation to the stationary 
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component is consistent with generation of both components by the same 
source of energy. 

Spatial evolution of the soft X-ray flare is consistent with the evolution 
of the bluewing. Dynamically active footpoint sources rapidly evolve into a 
single stationary source during the impulsive phase, at the same time as the 
CaXIX resonance line rapidly evolves from a Doppler blueshifted position 
to a stationary position. 

Correlation between the time derivative of the total soft X-ray signal 
and the hard X-ray light curves (the Neupert effect), and spatial coincidence 
between the expanding soft X-ray sources and hard X-ray sources, suggests, 
but does not demonstrate, that the soft X-ray flare is heated by electron 
bombardment of the chromosphere. 

The spatially resolved plasma flows indicate that high velocity mass 
motions occur in the impulsive phase, as predicted by numerical simula
tions. Overall the results show that hot plasma is created in a moving state 
at coronal loop footpoints, however, a more detailed study of the flares 
in the sample is required to fully reconcile observations of chromospheric 
evaporation with numerical simulations. 

TABLE 1. Flare plasma flow velocities. 

Event (UT) GOES Location Velocity (km S-l) Velocity (km s-l) 

Class SXT Be119 BCS CaXIX 

7 Feb 1992 03:42 C6.2 S15W43 241 ± 20 186 ± 15 
14 luI 1992 17:47 C6.0 S09W32 551 ± 114 154 ± 14 
5 Aug 1992 21:22 C5.1 S19E32 515 ± 37 
11 Aug 1992 13:47 C7.2 Sl1W45 2265±88 
21 Aug 1992 10:57 M1.0 N14W40 176 ± 86 196 ± 11 
6 Sep 1992 05:H M2.4 S09W39 529 ± 91 150 ± 19 
6 Sep 1992 06:54 M1.3 S13W32 265 ± 87 
9 Sep 1992 12:44 191 ± 73 
10 Sep 1992 22:51 M3.2 N12E41 212 ± 18 
12 Sep 1992 15:38 C5.2 N18E21 481 ± 40 307 ± 17 
8 Feb 1993 02:21 C9.2 S07E34 441 ± 111 245 ± 20 
8 Feb 1993 07:00 C3.9 S07E36 529 ± 88 206 ± 22 
2 Mar 1993 15:03 C5.0 S07E82 481 ± 40 198 ± 26 
22 Apr 1993 14:07 M1.5 NIIE04 331 ± 110 311 ± 15 



DISCOVERY OF SUB-SECOND BRIGHTENINGS IN SOLAR 

FLARES WITH THE NOBEYAMA RADIOHELIOGRAPH 

T. TAKANO 

AND 

THE NOBEYAMA RADIOHELIOGRAPH GROUP 
Nobeyama Radio Observatory 
Nobeyama, Minamisaku, Nagano 384-13, Japan 

1. Introduction 

The new Nobeyama Radioheliograph was constructed and started routine 
observations in 1992 June (Nakajima et al. 1994). It provides 17-GHz im
ages of the whole sun with moderate spatial (N 18 arcsec) and high temporal 
(up to 50 ms) resolution. Since the beginning we have observed many flares 
along with other interesting phenomena (see, e.g., a series of papers on 
Initial Results from the Nobeyama Radioheliograph, PASJ vol. 46, No.1). 
Here we report discovery of what we call sub-second brightenings (SSBs) 
in solar flares. 

2. Observations and Results 

We searched rapidly-fluctuating phenomena during flares and found sub
second brightenings (duration of each pulse 50-200 ms) in four flares (1992/ 
Aug/12, 0232 UTj 1992/Sep/07, 0509 UTj 1992/0ct/08, 0537 UTj and 
1992/ Oct/21, 0607 UT) from a dataset between 1992 August and October. 

A typical example is shown in Fig. 1, which was observed in association 
with a GOES M1.3-class flare on 1992/Sep/07 in NOAA 7276. Notice that 
the time profile shown only covers 30-s interval. Individual pulses are as 
short as 50-200 ms and repeat with intervals of 1-3 s. Though SSB sources 
are too small to be resolved with the N 18 arcsec beamsize, we estimate 
them to be less than about 4 arcsec from visibility data. They are located 
near a sunspot and no positional shift greater than 1 arcsec is observed. 
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Figure 1. 17-GHz images of SSBs on 1992/Sep/07. Each frame is 79" x 157" (solar north 
is to the top, west to the right). An image of the whole sun (upper left) and the light 
curve (upper right) are attached. Note that the light curve only covers 30 s from 05:09:09 
UT. The images were obtained at the times indicated in the light curve. 

3. Discussion and Conclusions 

Most plausibly SSB sources are located at a foot point of a coronal loop 
and compact, less than 4 arcsec ("-' 3000 km). The radio emission, thus, 
may be interpreted as radiation from high-energy electrons that precipitate 
down along the coronal loop. SSBs repeat with 1-3 s intervals, which may 
be interpreted by intermittent acceleration of electrons in a certain region 
in the coronal loop. The acceleration site need be quite small since the 
duration of each spike is 50-200 ms; it is estimated 50-500km if we adopt 
the Alfven velocity of 1000-10000 km s-l as the controlling speed of the 
acceleration process. 
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GAMMA-RAY SPECTRAL CHARACTERISTICS OF SOLAR 

FLARES 

K. MORIMOTO, M. YOSHIMORI, K. SUGA AND T. MATSUDA 
Rikkyo University, Toshima-ku, Tokyo 171, Japan 

AND 

K. KAWABATA 
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan 

1. Abstract 

Yohkoh observed three impulsive gamma-ray flares with different spectral 
characteristics: a narrow line flare on 27 October 1991, a broad line flare 
on 15 November 1991 and a continuum flare on 3 December 1991. The nar
row gamma-ray lines are produced by accelerated proton interactions with 
heavy nuclei in the solar atmosphere, the broad gamma-ray lines by acceler
ated heavy nuclei interactions with protons in the solar atmosphere (reverse 
interactions) and the continuum by relativistic electron bremsstrahlung. 
The gamma-ray count spectrum of the flare (X6.1 / 3B) on 27 October 1991 
is shown in Fig. 1. Several strong narrow lines (neutron capture line and 
deexcitation lines) and broad lines are apparent. These lines result from 
accelerated particles of the coronal abundances [IJ. Fermi acceleration is 
most probable, because it is most effective in the early stage of the accel
eration and the accelerated particle abundances are similar to the source 
abundances. The gamma-ray count spectrum of the flare (X1.5 / 3B) on 15 
November 1991 is shown in Fig. 2. The spectrum shows broad C and 0 lines 
and a complex of broad Fe, Mg, Ne and Si lines without detectable narrow 
lines. Since the acceleration rate of the shock acceleration is proportional to 
the ratio of square root of mass to charge, heavy nuclei are accelerated in a 
different manner than protons. Assuming a two-stage acceleration process, 
Fermi acceleration (first stage) plus shock acceleration (second stage), we 
can explain the observed high variabilities of the ratio of heavy nuclei to 
proton abundances (the ratio varies from 0.3 to 0.01)[3J. The gamma-ray 
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the electron bremsstrahlung continuum. This type of spectrum is called an 
electron-dominated event [3]. Since betatron acceleration is more effective 
for electrons than ions, this spectrum suggests the possibility that betatron 
acceleration was dominant in this flare. 
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Figure 1. Narrow line spectrum of the flare on 27 October 1991. 
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Figure 2. Broad line spectrum of the flare on 15 November 1991. 
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Figure 3. Continuum spectrum of the flare on 3 December 1991. 
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DOWNWARD BEAMING OF ACCELERATED PARTICLES 

IN THE 1991 NOVEMBER 15 FLARE 

M.YOSHIMORI, K.MORIMOTO, K.SUGA AND T.MATSUDA 
Rikkyo University, Toshima-ku, Tokyo 171, Japan 

AND 

K.KAWABATA 
Nagoya University, Chikusa-ku, Nagoya 464-01, Japan 

A Yohkoh hard X-ray spectrometer observed gamma-ray line features 
around 400 keY from a flare (XJ.O / 3B) at 22:35 UT on 15 November 
1991. The time profile of hard X-ray count rate consisted of three significant 
peaks. The line features were detected at the third peak (22:37:46 - 22:37:50 
UT) where strong hard X-rays and gamma-rays were emitted. A continuum
subtracted count spectrum of the hard X-ray spectrometer is shown in Fig. 
1. The line features are interpreted in terms of the com plex of Li (478 ke V) 
and Be (429 keY) nuclear deexcitation lines which are produced by He( a, 
p )Li and He( a, n )Be reactions, respectively. Since the two line profiles are 
sensitive to the angular distribution of the interacting a particles, they can 
provide an essential key to the directivity of accelerated ions [1]. Alt.hough 
the two lines were not resolved due to low energy resolution of the N 301 
detector, we can derive the best. fitting incident Li and Be line profiles using 
a hypothesis-testing approach. The derived center energies of the Li and Be 
lines are 431 ± 32 and 401 ± 32 keY, respectively, and the derived width 
of each line (FWHM) is 15 keY. The Yohkoh observation suggests that the 
two lines were redshifted by about 7 %. Murphy et 301.[2] calculated the Li 
and Be line profiles in detail using a transport model. They took account 
both magnetic mirroring and MHD scattering of accelerated a particles 
in a flaring loop. Their calculation for a disk-centered flare such as the 
flare on 1.5 November indicated that the Li and Be lines are redshifted 
when a particles stream down to the chromosphere. The present result is 
consistent with a redshift of 7 %, suggesting the possibility of downward 
beami ng of accelerated a particles. Downward beaming could be caused 
by strong pitch-angle scattering with MHD turbulence in the flaring loop. 
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Strong MHD turbulence is expected in impulsive flares. Sakao [3] studied 
the temporal evolution of the X-ray images in the flare on 15 November. 
The X-ray image in the 33 - 53 keY band showed a clear double source 
structure at the third peak. We analyzed the hard X-ray image in the 53 -
93 ke V band. It is similar to that in the 33 - 53 ke V band. The X-ray image 
in the 53 - 93 keY band is shown in Fig. 2. The double X-ray sources emitted 
hard X-rays simultaneously within a fraction of a second. The magnetogram 
observation showed that the hard X-ray double sources are located on both 
sides of the magnetic neutral line [4]. This suggests that the hard X-rays 
were emitted near the footpoints of a single flaring loop. It indicates the 
possibility that 100 ke V electrons suffered strong pitch-angle scattering 
from MHD turbulence and efficiently precipitated to both footpoints of the 
single flaring loop. We conclude that the angular distribution of both the 
accelerated ions and electrons peaked in the downward direction in the flare 
on 1.5 November 1991. 
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HIGH ENERGY LIMIT OF PARTICLE ACCELERATION IN SOLAR 
FLARES 

K.OHKI 
National Astronomical Observatory 
Mitaka, Tokyo 181, Japan 

In several intense y-ray flares, a broad line-shaped spectral component 
peaking at about 70 MeV has been observed. This component is interpreted as 
rrfJ decay emission produced with GeV protons. In the case of the largest flares 
like June 3, 1982 event, we have to assume a power-law spectrum for the 
accelerated protons. It would be important to determine the highest cut-off 
energy E cut in the proton spectrum in order to decide the depth of the 
acceleration region if the acceleration is due to a shock. On the other hand, the 
p-p collision cross-section for rrfJ production has a sharp low energy cutoff at 
around 300 MeV. Considering both high and low energy cutoffs in the energy 
distribution for protons, virtually a mono-energetic distribution of high energy 
protons might be responsible for the rrfJ production. In this paper, we have 
calculated the line width of rrfJ emission with various Ecut of the incident 
protons. In this calculation of y-ray spectrum, the energy distribution of the rrfJ 
is needed. The most important finding in this calculation is that the calculated 
70-MeV line width varies very sensitively with the Ecut in the energy range 
300MeV - 3GeV. Within this energy range, the line width varies more than a 
factor of two. We can thus determine the unique energy ( the peak energy in a 
narrow distribution between the high and low energy cutoffs ) of the 
accelerated protons by comparing the line width for each energy to the 
observed line width. Consequently we can determine the actual Ecut in the 
energy spectrum of accelerated protons by using the above obtained unique 
energy. The high energy cutoff thus obtained is about 1 GeV for the June 3, 
1982 flare. 

The high energy cutoff may vary from event to event. So, we have checked 
another event of June 11, 1991 which was observed by CGRO satellite, 
because the high energy y-ray emission from this event extends to the higher 
energy above 1 Ge V. The same kind of comparison of the observed width to 
the calculated y-ray line width has been done, indicating that 2 Ge V is the most 
probable unique energy and that the high energy limit of the accelerated 
protons should exceed several Ge V in the case of this event. 
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CHARACTERISTICS OF STELLAR FLARES ON EV LAC 

FROM A LONG-TERM PHOTOMETRIC PROGRAM 

G. LETO AND C. BUEMI 
Institute of Radioastronomy, VLBI Station 
C.P. 141, 1-96017 Noto (SR) , Italy 

AND 

M. RODON01,2 AND I. PAGAN02 

1 Institute of Astronomy of Catania University, 
2 Catania Astrophysical Observatory 
V.le A. Doria 6, 1-95125 Catania, Italy 

Abstract. We present a statistical analysis of a large sample of homoge
neous photoelectric monitoring of the red dwarf EV Lac. The data were 
collected in 10 years at Catania Astrophysical Observatory on Mt. Etna 
and consist of 175, 90 and 27 flares detected in the U, B and V bands 
during a total monitoring times of 861,947, and 826 hours respectively. 

The peak luminosity, the total energy emitted, the rise and decay times 
were determined for each flare. Full report about this work will be found 
in a forthcoming paper. 

1. The Data 

EV Lac (BD +430 4305; d=5 pc; Sp=dM4.5e) is a well known flare star, also 
classified as a BY Dra-type variable with a period P=4d.373±Od.002 (Pet
tersen 1980):In BY Dra stars the photometric light curve periodic modula
tion is usually interpreted as evidence of large photospheric spotted regions 
(see, e.g., Rodono et al. 1986). 

The observations were made from 1967 to 1977 using four telescopes 
at the Serra La Nave (SLN) mountain station of Catania Observatory: a 
91-cm and two 30-cm Cassegrain, and a 61-cm quasi-Cassegrain reflectors, 
equipped with similar photometers and filters in order to match the stan
dard U B V Johnson magnitude system. 

577 

Y. Uchida et al. (eds.), 
Magnetodynamic Phenomena in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 577-578. 
© 1996 Kluwer Academic Publishers. 



578 

0.20 
0.15 
0.10 
0.05 
0.00 

0.20 
0.15 
0.10 
0.05 
0.00 

0.20 
0.111 
0.10 
0.05 

175 nares 
U Band 

90 nares 
B Band 

2'7 fiare. 

0.00 '--~--'---'-'-__'_~~_'__~_'_'_~___' 

30.0 

29.5 

29.0 

U Band 
~ ..... : ..... 

. ~1~'It;p:.· 
.... ~Vi. 

....... 

~ 28.5f-------------l 
'. 
.. 30.0 .. 
.!. 29.5 

'"' .. 29.0 

B Band ... \ .... ~ .. - .-'~~ ... ; .. ..........-.... 
.2 28.5!--__________ --i 

31.0 

30.5 

30.0 

V Band 

29.5 '----.J~----L~___L~__'_~__'_~__' 
29 30 31 32 33 34 28 29 SO 31 32 33 34 

10, B [ er,] 10, II [ er,] 

Figure 1. Left panel: The distributions of the U, B, and V flare number versus the 
total flare energy log E. Right panel: The peak luminosity (log L) versus the total energy 
emitted during the flare (log E). 

2. Some results 
We found mean flare occurrence rates of 0.20 h-1, 0.09 h-1, 0.03 h-1 for 
the U, B, and V bands, respectively. 

In Fig. 1 (left panel) the distribution of the flare energies is given. At low 
energies the flare number decreases dramatically because of instrumental 
sensitivity limit. The coverage time of our sample is sufficiently extended to 
render significant a statistical analysis: in 861 h of patrol only 1 flare with 
E > 1033 erg is expected (Shakhovskaya 1989), consistently with our data. 
Therefore the observed decrease of the number of flares at high energies is 
indicative of the maximum energy limit that can be released through the 
operating flare mechanism on EV Lac. 

The distribution of flU at flare maximum can be represented by the 
empirical law: N = 38 e-(~U-O.4) for flU ~ 0.4. Similar behaviors are 
suggested by the flB and fl V distributions. 

In Fig. 1 (right panel) log L versus log E for the U, B and V bands are 
shown. These plots are suggestive of two different regimes operating at flare 
energies respectively fewer and higher than about 1031erg. For E ~ 1031 erg 
the slope of the correlation between log L and log E is clearly larger than 
for E ~ 1031 erg. Actually, for E ~ 1031 erg the peak luminosity appears 
to be independent of E. 

More details can be found in a forthcoming paper (Leto et ai. 1995). 
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MAXIMUM ENERGY OF FORCE-FREE MAGNETIC FIELDS 

T. SAKURAI 
National Astronomical Observatory 
Mitaka, Tokyo, Japan 

AND 

J.C. CHAE 
Department of Astronomy, Seoul National University 
Seoul, Korea 

Aly (1984) showed that the energy of any force-free field is bounded 
from above by the energy of the open magnetic field having the same dis
tribution of magnetic flux on the boundary. His argument is based on inte
gral relationships for force-free magnetic fields. The aim of this paper is to 
demonstrate this property directly by using a simple force-free field model 
formulated by Low and Lou (1990). 

The model by Low and Lou (1990) is an axisymmetric solution for the 
force-free field equation 

(\7 X B) X B = 0,. 

where the field B is assumed to have the form 

1 [lOA, oA, ,] 
B= rsinO -;'oOr- or 8 +Q(A)</> , 

in spherical polar coordinates. Here (r, iJ,;P) represent unit vectors in the 
(r, 0,4> )-directions, respectively. We assume a particular form for A and Q: 

P(p,) Ao (A )1+* 
A=Ao(r/a)n' Q=k-;; Ao ' 

where p, = cos 0, and a, k, nand Ao are constants. Then the equation re
duces to 

~p n+1 1 
(1- p,2)-d 2 + n(n + l)P + __ k2 pH;; = O. 

p, n 
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For the solutions to be regular at j1. = ±I, P should satisfy the boundary 
condition P(±1) = O. We adopted the normalization for P as dPjdj1. = 10 
at j1. = -1, following Low and Lou (1990). 

The solutions characterized by k = 0 and n = 1,2,3, ... are current-free 
fields in the form of multipoles (dipole: n = 1, quadrupole: n = 2, hexapole: 
n = 3). Figure 1 shows the eigenvalues in the (k, n )-plane. As the field 
deviates from a current-free multipole solution, first k grows (Le. the current 
density grows) to a certain value and then decreases asymptotically to 
zero. The value of n monotonically decreases to zero along the equilibrium 
sequence. Since the magnetic field decays as B '" r- n- 2 , small values of 
n indicate that the field decays very slowly in radial distance, namely a 
spatially extended field geometry. 

We also evaluated the magnetic energy as a function of foot point shear. 
We found that, as the shear increases, the energy of the force-free field 
approaches (but never exceeds) the energy of the open magnetic field. 
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Figure 1. Eigenvalues k of Low and Lou's solution as a function of n. 
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A KINETIC MODEL OF MAGNETIC FIELD RECONNECTION 

S.TAKEUCHI 
Electrical Engineering and Computer Science 
Yamanashi University, Kofu 400, Japan 

Recently, various kinds of high-energy phenomena caused by solar ac
tivity which has been observed in the Yohkoh mission have been reported 
(PASJ, 1994). It has been suggested that magnetic field reconnect ion plays 
an important role in solar flares, in which high energy emmisions from the 
soft X-rays to the -y-rays are generated. The purpose of this article is to re
port fundamental features of the acceleration mechanism and the conversion 
process of energy in the magnetic field reconnect ion through physical pic
tures between electromagnetic fields and individual plasma particles. What 
we present here is not an MHD model but a non-steady kinetic model. The 
kinetic model is a plausible candidate to promise clear understanding of 
the reconnection process and particle dynamics from microscopic points of 
VIew. 

We consider a configuration of electromagnetic fields in moving plasma 
in which two magnetized plasmas having anti-parallel magnetic field ap
proach and collide each other (Takeuchi, 1994). A schematic model is shown 
in Fig.1(a}. It is well known that particles are trapped around a magnetic 
neutral sheet and stay there with meandering motion. For the same reason, 
the particles in the present case are also trapped in the neutral sheet, and 
further it is accelerated by a transverse electric field. This implies that the 
particle will be continuously accelerated as long as it stays within the neu
tral sheet. The mechanism presented here is similar to the magnetic trap
ping acceleration (MTA) mechanism investigated by the author (Takeuchi 
et al., 1987; Takeuchi et al., 1990). Such efficient acceleration, however, can 
never continue limitlessly. Since the magnetic field exists across the neutral 
sheet, a particle is deffected by the Lorentz force during the acceleration 
and its energy gain will saturate sooner or later. 

Numerical calculations have been carried out to verify the theoretical 
consideration. In the initial stage, many particles are randomly located 
within a box centered in the reconnection region. The moving velocity of 
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Figure 1. (a) Model of magnetic field reconnectionj (b) Optimal gains: black circles for 
(3p, white circles for a, the solid line for eq.(I) with a = 10-3 and (0 = 0.1. 

the two magnetized plasmas is {3p, which is given as {3p == IB x Ej B21. In 
addition, the initial velocity of each test particle is also given by (3p, so that 
the particle moves together with the magnetized plasma. The optimal gains 
"fs are plotted in Fig.1(b) for various values of {3~ and a, here the radius 
of curvature of magnetic field line is also ·an important parameter and its 
inverse value is given by a. In the figure, the optimal gains linearly increase 
proportional to {3~ and decreases proportional to a. As a result, a simple 
formula for the optimal gain is approximately given by 

(1) 

where A ~ 15.0 is a non-dimensional constant determined by numerical 
calculations and (0 is the initial position of accelerated particle. The solid 
line in the figure stands for this relation. 
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COMPUTER SIMULATIONS ON THE SPONTANEOUS FAST 
RECONNECTION MECHANISM 

M. DGAl, T. SHIMIZU and T. OBAYASHI 

Department of Computer Science, Faculty of Engineering 
Ehime University, Matsuyama 790, Japan 

It may now be clear that magnetic reconnection plays a crucial role in large dissi
pative events in space plasmas. Strong plasma heating just outside the loop top has 
recently been observed in compact flares and cited as evidence of magnetic recon
nection (Masuda et al., 1994); for geomagnetic substorms too, large-scale plasmoids 
are observed to propagate and believed to result from sudden onset of fast reconnec
tion. Thus, a very essential question may arise concerning how fast reconnection can 
develop so drastically as to cause solar flares where the magnetic Reynolds number 
is extremely large. 

Historically, two theoretical models have been proposed with respect to the 
evolutionary mechanism of fast reconnection. One is the so-called externally driven 
model, where the fast reconnection mechanism involving slow shocks, first proposed 
by Petschek, is basically determined by external boundary conditions (Petschek, 
1964; Forbes and Priest, 1987). On the other hand, we have proposed the sponta
neous fast reconnection model, where the fast reconnect ion mechanism develops by 
the self-consistent coupling between (macroscopic) reconnection Hows (MHD waves) 
and (microscopic) anomalous resistivities (Ugai, 1984, 1986): The fast reconnect ion 
mechanism develops when a current-driven anomalous resistivity is coupled to the 
global reconnection flow and locally enhanced near a neutral point. In this paper, 
we argue how the spontaneous fast reconnection model is applied to solar flares on 
the basis of our recent computer simulations. Here, the following two topics will be 
considered. The first is concerned with a large-scale plasmoid, which is one of the 
most distinct features of the spontaneous fast reconnection mechanism. The sec
ond is concerned with formation of large-scale magnetic loops and strong loop-top 
heating, which is of high current interest in view of recent Yohkoh observations. 

(1) A large-scale plasmoid is the direct outcome of the spontaneous fast recon
nection mechanism. If the system is open to free space, the plasmoid grows and 
propagates along the ambient magnetic field lines. The temporal dynamics of plas
moid was studied in detail by Ugai (1989, 1995). The plasmoid propagation speed is 
about O.8VAO , where VAO is the Alfven velocity measured ahead of the plasmoid. The 
plasmoid features obtained are found to be quite consistent with recent GEOTAIL 
sattelite observations. 

(2) If plasma cannot flow across one end of the system, the reconnected field lines 
are accumulated near the boundary, giving rise to formation of a large-scale mag
netic loop. The spontaneous fast reconnection.model was applied to this problem by 
Ugai (1987). It is demonstrated that a cusp-like field structure is formed near the 
boundary, consistent with Tsuneta (1995); when the magnetic loop has just begun 
to expand outwards, the reconnection jet collides with the loop most drastically, 
when a strong fast shock is caused. Figure 1 shows the result of Ugai (1987), where 
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Figure 1. Development of a large 
magnetic loop, where dotted lines and 
dashed lines indicate the slow and fast 
shocks, respectively [after Ugai (1987)J 
The right end boundary may corre
spond to the solar surface. 
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NUMERICAL SIMULATION OF MAGNETIC RECONNECTION 

IN ERUPTIVE FLARES 

T. MAGARA AND S. MINESHIGE 
Dept. of Astronomy, Faculty of Science, Kyoto University 
Sakyo-ku, Kyoto, 606-01, Japan 

AND 

T. YOKOYAMA AND K. SHIBATA 
National Astronomical Observatory, Mitaka, Tokyo 181, Japan 

Prompted by the Yohkoh observations of solar flares, which have estab
lished the essential role of magnetic reconnection in the release of energy, 
we have studied the evolution of eruptive flares in some detail based on the 
reconnection model by means of two-dimensional magnetohydrodynamic 
(MHD) simulations. We are interested in what factor affects the time evo
lution of solar flares and how the related phenomena, particularly observed 
loop top source and plasmoid eruption, can be explained by this model. We 
have studied the dependence of the structure and evolution of the system 
on plasma {3 (ratio of gas pressure to magnetic pressure), adiabatic index, 
'Y, and Pc (initial density in the current sheet). If the time scale and velocity 
are normalized by Alfven time and Alfven speed, respectively, we find that 
the main results (e.g., reconnection rate, plasmoid velocity, etc.) are rather 
insensitive to the plasma beta. The pc-value, on the other hand, crucially 
affects the motion of a plasmoid. When the adiabatic index I is small, cor
responding to the case of efficient thermal conduction, plasma heating will 
be generally suppressed but the compression effect can be rather enhanced, 
which plays an important role of forming high-density loop-top sources. 
We discuss loop top sources, plasmoid eruption, and the rise motion of a 
loop in comparison with the observations. Our simulations can well account 
for the existence of the loop-top hard X-ray sources discovered in the im
pulsive flares. We concluded that both the impulsive flares and the LDE 
(long duration event) flares can be generally understood by the reconnec
tion model for the cusp-type flares. More details will be presented elsewhere 
(e.g. Magara et al). 

585 

Y. Uchida et al. (eds.), 
Magnetodynamic Phenomeoo in the Solar Atmosphere - Prototypes of Stellar Magnetic Activity, 585-586. 
© 1996 Kluwer Academic Publishers. 



586 

hard X-ray 

lOft X~ay loop flare 

= diffuoion "'lion 
_ futshock 
• _ _ dow shock 

q) high density "'gion 

high en ... gy electron .t 
thermal conduction 
(along the magnetic field line) 

--'""" 

conduction front 

---"'~~r-~"""---Clu"omosphe", 

impusive phase gradual phase or LDE flare 

In the impulsive phase. there are downward flows of high-energy electrons and heat 
conduction originating from the neutral point and directing along the magnetic fields 
toward the chromosphere. These down flows form the conduction front (cf. Forbes and 
Malherbe 1986) and heat the neighboring plasmas. The chromo spheric gas is heated and 
evaporates into the corona. Since the emissivity is more sensitive to density than 
temperature, very hot regions will not always be observed, unless density is very high. 
We thus conjecture that the soft X-ray bright loop could be a dense region filled with 
evaporated gas. The reconnection jet collides with the loop top, forming the hot and 
dense core which will emit hard X-rays. If the evaporated flow has not yet reached this 
energetic region, the hard X-ray source above the soft X-ray flaring loop will be 
observed. 
In the ~adual phase or LDE flare, thermal conduction would be efficient and the 

reconnected loop under the neutral point has sufficiently filled with the evapocated flow. 
The conduction front will heat up the material along the boundary of the loop, which 
will be observed as a bright cusp-typed structure in soft X-rays. The loop top source is 
observed to be embedded by these evaporated gases. As for the inside loops, heating is 
no longer effective so that the loops can cool via radiative cooling process, thereby 
forming Ha. post flare loops. 
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THREE DIMENSIONAL SIMULATION STUDY OF 

THE MAGNETOHYDRODYNAMIC RELAXATION PROCESS 

IN THE SOLAR CORONA 

Y. SUZUKI, K. KUSANO, AND K. NISHIKAWA 
Department of Materials Science, Faculty of Science, 
Hiroshima University, Higashi-hiroshima 739, Japan 

1. Introduction 

The magnetohydrodynamic (MHD) relaxation process in the solar coronal 
magnetic field is investigated by using a three-dimensional MHD numeri
cal simulation. Our main objective is to explain the physical mechanisms 
of solar flares based on bifurcation theory, arguing that the solar flare is 
a transition process between two different solutions (the coupled solution 
(CS) and the mixed solution (MS)) of the linear force free field (LFFF) 
(Kusano et al., 1995). To achieve this, the dynamics of a system of model 
magnetic loops, periodically aligned on the photosphere, is numerically con
sidered. Magnetic helicity and magnetic energy are assumed to be injected 
into the coronal region by the rotational motion of the photosphere. 

2. 3D Dynamics in Magnetic Loops 

The simulation model is fundamentally the same as that in Kusano et 
al. 1994, but the simulation box is extended upward. We carry out five 
runs with different values for the electric resistivity 'TJ and the photospheric 
rotation period Tr . 

Simulation results show that isolated flux tubes (plasmoids) are gener
ated on the top of the magnetic loops through magnetic reconnection. It is 
also observed that during the reconnect ion process the magnetic energy of 
the component coupled with the boundary condition is partially transferred 
into the decoupled component. This causes the transition of the magnetic 
system between the CS and the MS. Figure 1 shows the time evolution of 
the magnetic helicity and the magnetic energy for five different runs. The 
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Figure 1. The time evolution of the magnetic energy and the magnetic helicity for five 
different simulation runs where the time is normalized by the Alfven time. The small 
solid circles show the simulation results and the times when the transition takes place 
are represented. The curve Ec and the line Em represent the energy for the CS and for 
the MS, respectively and Ho is the magnetic helicity at the bifurcation point. Fig. 1(b) 
magnifies the small square region bounded by the dotted line in Fig. 1(a). 

trajectories enter the lower region of the curve for the CS denoted by Ec. 
This means that a transition into the MS takes place. Furthermore we show 
that this dynamics is related with an instability which is destabilized when 
the magnetic loops rise above a critical height. These simulation results 
support our theoretical prediction (Kusano et ai., 1995). 

Based on the results above, we propose the physical scenario of the so
lar flare as following: (1) The bifurcation of the LFFF, which is caused by 
the rising of the magnetic loops, destabilizes the magnetic configuration. 
(2) Instabilities grow exponentially. (In this linear phase the configuration 
of the magnetic loops is gradually transformed and a current sheet is gen
erated.) (3) When it reaches the nonlinear phase, plasmoids are formed 
through magnetic reconnection. (4) If the resistivity is small enough, in
tensive heating is caused in a very narrow region and the transition takes 
place impulsively. A solar flare might be triggered. 
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COMPUTER SIMULATION AND VISUALIZATION OF SOLAR 

FLARES 

G. A. HANOUN AND K. J. H. PHILLIPS 

Space Science Department, Rutherford Appleton Laboratory 
Chilton, Didcot, axon. OXll OQX, UK 

1. Introduction 

It is commonly assumed that, after the impulsive stage of a solar flare, 
hot (Te ~ 107 K) plasma fills a magnetic flux tube and subsequently cools 
by both conduction to the chromosphere (where the temperature is about 
104 K) and radiation (see, e.g., Phillips 1992; Dennis and Schwartz 1989). 
On the "chromospheric evaporation" picture, the hot plasma is formed by 
the heating of non-thermal particles that are accelerated during the impul
sive stage, travel down the loop legs and impact against the chromosphere 
where the amount of energy released is too large to be radiated away so 
convection of the heated chromospheric gas occurs. This paper describes a 
computer simulation ofthe later, thermal phase of a solar flare in which the 
heated gas cools by conduction and radiation, allowing for the possibility 
of further, continuous heating. The resulting computer program, Hyperion 
95, combines analysis and visualization capabilities that allow the flare to 
be viewed as with an X-ray telescope. 

2. The Hyperion 95 Program 

The hot plasma produced at the flare impulsive stage is assumed to be 
contained in a static magnetic flux tube of circular cross section and with 
a radius that varies in a specified way with height. The heat equation, 

aT 1 a [ 5/2 aT] 3Nk{ft = A(s) as KaT A(s) as - R(T) - Q(s, t) (1) 
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was solved assuming electron density N constant with height, thermal con
ductivity coefficient equal to the Spitzer value, and the radiation loss func
tion (R(T) given by Raymond & Smith (1976). The distance along the loop 
s is measured from the loop top, while various forms ofthe loop cross section 
area A( s) were assumed. The boundary conditions are (aT/as) ~ 0 at the 
loop top and T(s = L,t) (L = loop semilength) set to the chromosphere's 
temperature (= 104 K) respectively. The initial condition describing the 
form of T( s, t = 0) can be chosen by the user; for most runs T( s, t = 0) 
was taken to be isothermal apart from the footpoint, set equal to the chro
mospheric temperature. The energy input term Q was arbitrarily chosen to 
simulate the continuing energy input as in a Kopp-Pneuman model (Kopp 
and Pneuman 1976). 

An implicit finite-differences method was used to solve (1) to find the 
distribution of temperature and radiation in X-ray bands to those on the 
Yohkoh Soft X-ray Telescope (SXT). An IDL program is then used to dis
play these distributions. In practice the presence of bright loop-top sources 
in SXT flare images (see Acton et ai. 1992) has proved very difficult to 
reproduce in the loop models calculated by the Hyperion 95 program. Such 
bright sources require either very dense or hot localized sources. A dense 
source in a flux tube with parallel magnetic fields should freely expand in 
a few seconds, while a temperature distribution with localized hot region 
should be rapidly (again in a few seconds) be smoothed out by the very 
high conductivity coefficient. 

3. Summary 

The Hyperion 95 program allows the simulation of flare loop models with 
arbitrary input, provided by either models or observational data, and the 
visualization of X-ray emission for comparison with flare images as from, 
e.g., the Yohkoh SXT instrument. The presence of bright loop-top sources 
in SXT images is difficult to explain with conductively cooling loop models. 
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PINCH PROCESSES NEAR THE TRANSITION REGION AND 

ELECTRON BOMBARDMENT OF THE CHROMOSPHERE 

IN THE PRESENCE OF ELECTRIC CURRENT 

MARIAN KARLICKY 
Astronomical Institute of the Czech Academy of Sciences 
251 65 Ondfejov, Czech Republic 

1. Introduction 

Recently, a 2-4 GHz type II-like radio burst observed during the impulsive 
phase of the February 27, 1992 flare was interpreted as the radio emission 
of an MHD (shock) wave generated near the transition region (Karlicky 
and OdstrCil, 1994). Moreover, Hudson et al. (1994) show that during the 
impulsive phase of some flares the soft X-ray radiation comes from chromo
spheric layers. These phenomena indicate that processes near the transition 
region can be important for some flares, mainly for their impulsive phases. 
Analyzing the physical conditions in this region, two interesting processes 
were recognized: 

2. Pinch Processes in Transition Region Induced by Radiative 
Losses 

To demonstrate pinch processes we made a numerical model. In this model 
the initial temperature was constant throughout the whole current sheet 
and the value corresponding to the transition region temperature was cho
sen as Te=105 K. The magnetic field out of the current sheet was chosen 
as 0.001 T, therefore the initial current density in the center of the current 
sheet is 0.025 A m- 2• The initial density was computed from the pressure 
equilibrium condition; the density outside the current sheet was chosen as 
ne=5x1016 m-3 , and thus the maximum density in the current sheet center 
of ne=1.22x 1017 m -3 was found. Further we assumed that in the central 
part of the current sheet the heating is stopped and radiative losses are 
not compensated by this heating. Due to these radiative losses the cen-
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tral part of the current sheet cooled down rapidly, which led to a collapse 
of the current sheet. In our case, for example, during this process (after 
about 1 s) the current density in the current sheet increased to a value of 
20 times greater than the intial one. Simultaneously, the current sheet was 
compressed and the MHD wave escaped from the space of the current sheet. 
We think that this process is important for the triggering of fast magnetic 
field reconnection and non-thermal processes during the impulsive phase 
of the solar flare. For example, it can be the case of the flare triggering 
after a MHD destabilization of the whole pre-flare magnetic field system, 
in deep layers, where the vertical current sheet is expected to be formed. 
For details, see Karlicky and Jificka (1995). 

3. Electron Bombardment of the Chromosphere in the Presence 
of Electric Current 

Assuming the current filament along the whole flare loop, we computed the 
Ohmic electric field in such a filament. For electric current densities in the 
corona jc = 6.53 and 0.653 A m- 2 , which correspond to the current drift 
velocities VD = VTi and 0.1 VTi, and for the VAL-C model of the solar at
mosphere it was found that Ohmic electric field in the upper chromosphere 
is greater than that equivalent to collisional losses, mainly for sufficiently 
high current densities and electron energies. That means that in such a 
case for an appropriate orientation of electric current and electric field, the 
downwards propagating superthermal electrons can be accelerated in these 
layers and stopped in deeper layers. This effect increases the efficiency of 
hard X-ray emission of electron beams bombarding the chromosphere and 
thus reduces the electron transport problem known in the interpretation of 
the flare hard X-ray emission. For details, see Karlicky (1995). 

Acknowledgements. This work was supported by CSAS Grant 303404. 
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ALFvEN WAVE PROTON INJECTION AND ACCELERATION IN 
SOLAR FLARES 

DEAN F. SMITH 

Berkeley Research Associates and Department of Astrophysical, 
Planetary, and Atmospheric Sciences, University of Colorado, 
Boulder; also Guest Worker at NOAA Space Environment 
Laboratory, Boulder, Colorado, U.S.A. 

JAMES A. MILLER 

Department of Physics, University of Alabama, Huntsville, 
Alabama, U.S.A. 

We consider coronal proton acceleration by a spectrum of parallel-propagating Alfven 
waves. Both the nonlinear and linear aspects of this acceleration are included, but the 
Alfven wave spectrum and total wave energy density are taken as fixed. The proton dis
tribution is followed in detail numerically. The process of nonlinear Landau damping or 
beat-wave acceleration acts effectively to pull protons from the bulk to beyond the Alfven 
velocity, the threshold for gyroresonant or linear acceleration. The gyroresonant accelera· 
tion then accelerates a density of 106 cm-3 of protons beyond 1 0 MeV with a Bessel func· 
tion energy distribution as required by the observations. Results are shown in Figure 1 fO! 
a Kolmogorov spectrum of equal quantities ofleft- and right-hand polarized waves, mov· 
ing in both directions along the magnetic field of energy density 1.8 ergs cm-3 at 3 s. 
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Fig. 1a. The velocity distributions in units of c of protons, initially and at 3 s 
(with the extended tail). 
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Fig. 1 b. The energy distribution of the tail, in units of me2 at 3 s. 

There is no production of> lOMe V protons in the first second for an initial temperature 
of2.0 x 107 K and density of 5.2 x 109 cm 3. The total energy expended is 100.2 ergs cm-3, 

and the efficiency is 16.5% to beyond 10 MeV. These results satisfy all existing observa
tions. Within the limitation of a fixed wave spectrum and level, this is the first demonstra
tion that Alfven wave turbulence alone can, without any auxiliary injection, produce all 
of the proton acceleration required in impulsive solar flares. 

For more details, see Smith, D.P., and Miller, J.A. 1995, Astrophys. J., 446, 390. This 
work was supported by NSF grant ATM-9214678. 



3D MHD SIMULATION OF THE DYNAMIC CURRENT INJECTIOI 

MODEL OF LOOP FLARES 

S. CABLE AND Y. UCHIDA 
Dept. of Physics, Science University of Tokyo 

R. MATSUMOTO 

College of Arts and Sciences, Chiba University 
Yayoi-cho, Chiba 260, JAPAN 

AND 

S. HIROSE 

Dept. of Physics, Science University of Tokyo 
1-3 Kagurazaka, Shinjuku-ku, Tokyo 162, JAPAN 

Extended Abstract. Models of loop flares based on chromospheric evap
oration caused by an assumed loop-top source of particles or heat leave 
unexplained the formation of such a source. Recent Yohkoh observations 
place certain restrictions on these models (see Doschek et al. (1995)). We 
suggest here a physical process for producing such a source, namely the dy
namic current injection model of Uch.ida and Shibata (1988), and we report 
on our 3D MHD simulations of this model. 

In this model, the flare loop is assumed to be part of a magnetic flux tube 
risen out of the photosphere. Twists in the flux tube field lines, generated 
in the convection zone, relax into the loop and drive chromo spheric plasma 
into the high part of the loop. A single twist packet may produce "an active 
region transient brightening". If, with lower probability, there is one twist 
packet rising in each footpoint, the plasma streams collide in the high part 
of the loop. This, we suppose, is the origin of the simple loop flare. 

Uchida and Shibata [1988] studied this model by 2.5D MHD simulations 
and were able to reproduce many qualitative features of observed flares. 
However, 2.5D simulations cannot account for some potentially important 
effects. Among these are the kink instability at the incidence of the twist 
packets and the effect of fast shocks which, in 3D, can propagate from one 
loop leg to the other directly through the outer corona. 
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We have performed full 3D MHD simulations of this model. The simu
lation results presented at this conference were obtained from the following 
initial conditions. The plasma density and pressure were set by a simple two 
temperature model: 3 x 106 K in the corona of our concern and 5000 K in the 
chromosphere and photosphere. A loop-shaped potential field with a span 
of about 15,000 km between the footpoints was assumed initially. Toroidal 
field packets were released from the phtosphere below the footpoints. 

As the simulation progresses, plasma is driven into the corona, following 
the lines of the potential field. The plasma enters the corona in three distinct 
fronts, which we interpret as a fast shock front followed by a torsional Alfven 
front and a slow shock front. The first two of these fronts are are shown in 
the plots of thermal pressure in Figure 1. Following the collision of the fast 
fronts, the loop top density increases by a factor of about 4, the pressure 
by 100, and the temperature by 25. 

(a) (b) 

Figure 1. Thermal pressure. (a) 4.3 seconds after release of magnetic twist. In each 
column, the front at the loop top represents an enhancement of a factor of 60 and the 
front about halfway up the loop represents an enhancement of 100 and higher. (b) 6.3 
seconds after release of magnetic twist. The region at the loop top has a thermal pressure 
about 100 times that of the corona. 

More extensive parameter studies intended for publication are in 
progress. One of the authors (S. Cable) thanks the Japan Society, for the 
Promotion of Science Foreign Researcher Post-Doctoral Fellowship program 
for its support of his part in this research. 
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NONLINEAR SIMULATION OF TEARING INSTABILITY OF 

A MAGNETIC ARCADE 

SHINJI KOIDE 
Toyama University 
3190 Gofuku, Toyama 930 JAPAN 

1. Introduction 

It is an important problem of solar physics whether the coronal heating can 
be explained by tearing instability in coronal magnetic field. The "line-tied" 
boundary condition have been used for the ideal magnetohydrodynamical 
(MHD) evolution of coronal magnetic loops (Mikic, Barnes, and Schnack 
1988; Van Hoven, Mok, and Mikic 1995). These boundary conditions were 
applied to tearing instability and it was found that unless the axial magnetic 
field possessed a null on some magnetic surfaces, solar coronal loops were 
completely stable to the tearing instability (Hood and Priest 1979; Mok 
and Van Hoven 1982). Hassam (1990) showed that the assumption of the 
line tying is inapplicable for the tearing instability because the growth 
rate is sub-Alfvenic in the entire loop, including the submerged part. He 
suggested that we have to consider the whole loop through the solar corona 
and photosphere. We have investigated the tearing instability of a magnetic 
arcade through the corona and photosphere by three-dimensional full MHD 
simulation code. We simplify the model of the tearing instability of the 
arcade magnetic sheet that the magnetic sheet meanders with artificial 
gravity and bouyancy and the current flows along the magnetic arcade. 

2. Results 

Vector plots of Figure 1 show the magnetic field ((a),(b)) and velocity 
((c),(d)) on x - y plane (z = 0) ((a),(c)) and z - y plane (x = 0) ((b),(d)) 
at nonlinear stage t = 100TA. Here" Alfven transit time" TA is defined to 
be a unit distance (as shown in Fig. 1) divided by Alfven speed in the ini
tial state. The contour maps of Figs. 1 show density ((a),(c)) and pressure 
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Figure 1. The arcade tearing instability through the corona and photosphere 

((b ),( d)). The contour maps of the density show the lower, dense part (pho
tosphere) and the upper, rare part (corona). The magnetic sheet meanders 
through the photosphere part and coronal part (Fig. l(a)). The current 
sheet located along one of the magnetic sheet and forms the reversed mag
netic field of z-direction (Fig. l(b )). We can see the magnetic islands at the 
edges of the current sheet(Fig. 1 (b)). High pressure region are seen in the 
magnetic island (Fig. 1 (b)). Fig. 1( d) shows that the plasma flows into the 
the current sheet at z = 0, and accelerates into z-direction strongly. This 
line is identified with the magnetic reconnection point (X-point) of tearing 
instability. This acceleration of the plasma makes the magnetic energy con
vert the kinetic energy. This mechanism in the arcade sheet would explain 
the coronal heating. 
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FORMATION AND EMERGENCE OF CURRENT LOOPS IN 

WEAKLY IONIZED PLASMAS 

J.I. SAKAI, M. SUZUKI 
Faculty of Engineering, Toyama University, Toyama 930 Japan 

AND 

T. FUSHIKI 
Hokuden Information System Service, 3-1, Sakurabashi, Toyama, 
930 Japan 

Magnetic field dynamics in weakly ionized plasmas is an important re
search subject in both astrophysical and laboratory plasmas. There is great 
interest in understanding the generation of magnetic field and filament 
structure (current loops) in weakly inonized plasmas (Brandenburg and 
Zweibel, 1994, Patel and Pudritz, 1994). Recently Suzuki and Sakai (1995) 
investigated nonlinear dynamics of Alfven waves in weakly ionized plasmas, 
and found the formation of current filament structures associated with the 
Alfvenic perturbation. We show simulation results for the formation of cur
rent loops under the external gravity due to rotational motions in weakly 
ionized plasmas. 

We used a 3-D simulation code ( Suzuki and Sakai, 1995) describing a 
weakly ionized plasma with coupling between ions and neutrals caused by 
ion-neutral collisions. It is assumed that ion inertia and ion pressure terms 
can be neglected as compared with Lorentz force and friction force in the 
ion equation of motion. Then the induction equation for magnetic field is 
modified with a nonlinear term (called the ambipolar diffusion) as follows, 

°Pn 8t + V· (Pnvn) = 0 (1) 

{ oVn } 1 
pn fit + (vn ' V)vn = -Vpn + 41l'(V x B) x B (2) 

O!)B =VX(Vn XB )+4c2 ~B+VX{4 1 BX[BX(VXB)J} (3) 
ut 1l'(J 1l'PiPn"Yc 
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The system size in the z-direction is 411" Lo, while the scale height is 
about 100Lo. The initial density and pressure are taken as p = p = e-z/ 100 , 

and Bx = 0.2, By = B z = O. The imposed initial velocities are 

Vx = 0.1(tanh(z - 0.511") - tanh(z - 211"))sin(0.5x) 
Vy = 0.5(tanh(z - 0.511") - tanh(z - 211"))sin(0.5x) 

Vz = 0.5(tanh(z - 0.511") - tanh(z - 211"))(cos(0.5y) - 0.2sin(3x/4)) 
These vortex motions cause filament currents along the magnetic field (Bx). 
Due to the velocity perturbation (vx ), the current loops formed emerge up
wards as seen in the figure (left). This figure shows the isosurface of current 
intensity Jz = 0.00447 at t = 5TA. The gray scale shows the intensity of 
the current Jz on a plane (x = 0). The right figure shows the vector plot of 
magnetic field (Bx-Bz) on a plane (y = 211"Lo) at t = 5TA. 

The conclusions are summarized as follows: (1) The convective motions 
produce current loops, which emerge with upward velocity of about 0.2 VA. 

(2) About half of the convective kinetic energy is converted to magnetic 
energy associated with current loops, which are transfered upwards. (3) The 
effect of ambipolar diffusion (AD=(ion-neutral collision time)/TA =10-5 N 

10-1 ) is weak for the formation of the current loops. 
One ofthe authors (J. Sakai) is partly supported by a Grant-in-Aid for 

Scientific Research from the Ministry of Education (07640352) and Densoku 
Company. 
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FORMATION OF CURRENT LOOPS DRIVEN BY THE 

KELVIN-HELMHOLTZ INSTABILITY 

Y. HASEGAWA AND J. I. SAKAI 
Faculty of Engineering, Toyama University, 

Toyama,930 Japan 

AND 

K. I. NISHIKAWA 
Space Physics Department, Rice University, 
Houston, Texas 77005 

1. Introduction 

We consider the generation mechanism of current loops which may be re
lated to convective motions near the Sun's surface. Recently Sakai and 
Fushiki (1995) showed that a shell current loop with a diffuse closure cur
rent can be generated due to the twisting motions of the loop footpoints. 
Among a variety of convective motions the Kelvin-Helmholtz instability 
triggered in shear flows is also important. 

2. Initial Condition 

\Ve present results for the generation process of current loops driven by 
the Kelvin-Helmholtz instability by using a three-dimensional ideal MHD 
(ZEUS-3D) code. The length is normalized by Lo and the time is normalized 
by TA = LO/VA. The system size are 0 ~ x ~ 27rLo, 0 ~ y ~ 27rLo and 0 ~ 
z ~ 27r Lo in x, y and z directions. The initial velocity field and plasma 
density are given as follows: 

Y. Uchida et al. (eds.), 

Vx(x,y,z) = Vz(x,y,z) = 0, 

Vy(X, y, z) = (Vo/2) tanh x(l- tanh z), 

Bx(x, y, z) = By(x, y, z) = 0, 
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Bz(x,y,z) = Bo, 

{ po (uniform) 
p(x, y, z) = 1 + po(l - tanh z)J2 (non - uniform) 

where Vy is the shear velocity, (Bx,By,Bz) is the magnetic field, p(x,y,z) 
is the density, Vo is the relative velocity, Bo is the uniform background 
magnetic field, The plasma f3 is 1.0. 

3. Simulation Results 

In order to develop the KH instability, a perturbation was imposed on the 
initial configuration. Four cases are studied: the shear velocity Vo is 1.5 VA 

and 0.4 VA, the density is uniform and not uniform. Figure 1 shows current 
streamlines, at 5TA, for the case of Vo = 1.5vA and density is not uniform. 

4. Conclusion 

The Kelvin-Helmholtz instability grows in the shear flow and the kinetic 
energy of shear flow is converted to the magnetic energy by the instability 
and the current loops are generated from the Kelvin-Helmholtz vortices. 
TABLE. 1 shows conversion rate of magnetic energy from the initial kinetic 
energy associated with the Kelvin-Helmholtz vortices. 

Figure 1. current streamlines. 

Acknowledgements 

density I uniform I non-uniform I 
I Vo = 1.5VA 36 26 

I Vo = OAVA 37 24 

TABLE 1. conversion rate of magnetic 
energy from the initial kinetic energy 
(%). 
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SIMULATION OF A CLOUD-CLOUD COLLISION 

IN AN ELECTRON-POSITRON PLASMA 

T. KITANISHI AND J .-I. SAKAI 
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AND 

K.-J. NISHIKAWA 
Space Physics Department, Rice University, 
Houston, Texas 77005, USA 

The dynamics of the clouds in magnetized plasmas is one of the basic 
processes found in many areas ranging from astrophysical to laboratory 
plasmas. This cloud dynamics in electron-ion and electron-positron plas
mas has been investigated theoretically (Peter and Rostoker, 1982) and by 
using particle simulations (Galvez, 1987; Neubert. et al., 1992; Kitanishi et 
ai., 1994). Results ofthese simulations have shown that (1) the cloud keeps 
moving across an ambient magneticfield as Ex B drift, (2) electron and ion 
(positron) charge sheaths expand along the magnetic field, and (3) electro
magnetic waves are emitted from the cloud due to the coherent gyration 
of particles. For the case of electron-positron plasma in strong magnetic 
field, the kinetic energy of the cloud is very efficiently transformed into the 
emitted wave energy (Kitanishi et ai., 1994). . 

In this study, we investigate a collision of clouds moving perpendicular 
to an ambient magnetic field in an electron-positron plasma by using a 
3-Dimentional electromagnetic particle code (Buneman, 1993). The clouds 
do not mix up each other. Instead, front of the clouds extend to the trans
verse direction (the y direction). The backgroud plasmas initially between 
the clouds are compressed in the x direction and driven to the y direction. 
In addition, the tip of the background plasma tend to move around in the 
x direction (like the I-shape. see Figures). In the collision process, some of 
kinetic energy of the cloud is converted to field energy and kinetic energy of 
the background plasma within 1Tc• More than 50% of the released kinetic 
energy of the clouds is converted to that of background plasmas. 
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TABLE 1. Variation of the kinetic energy of the 
cloud (Ked, that of background plasmas(Kbg ), and 
field energy in the simulation domain (E f ld) from 
T = 0 to T = 1Te . 

single cloud collision cloud 

loss of Kcl 495 951 
increase in Kbg 175 526 
increase in Efld 207 303 
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Figure 1. The location of the cloud positrons (left) and background positrons initially 
between the clouds (right) projected onto x - y plane at T = 4Te . 
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COSMIC RAY CHAOS REQUIRES NEW PHYSICS 

Wasaburo UNNO, Takashi KITAMURA and Soji OHARA 
Kinki University, Institute for Science and Technology 
Higashi-Osaka, Osaka 577, Japan 

1. Introduction 
Cosmic ray air showers have been considered as random phenomena, since 
the quantum mechanics of high energy particles is involved intrinsically. 
Yet, we have detected low dimensional chaos which can be distinguished 
from colored noise by the surrogate data test. The origin of this chaos is 
difficult to understand on current astrophysical grounds. 

2. Observations and Analysis 
Extensive air showers with energies larger than 3 x lOl4 eV have been ob
served at Kinki University for more than 3 years since June 1991. About 
4 x 105 air shower events were observed with 4 to 5 min average separa
tions. The sequence of these 0.4 million air shower arrival time interval
s (ASATIs) are the primary data of the analysis. Let Xi be the i-th 
time interval, t i+1 - t i , then a m-dimensional vector V~i) which defines 
N points in the m-dimensional embedding space can be constructed by 
V~) = [Xi, Xi+l, ... , Xi+m-d (i=1,2,3, ... ,N). The correlation dimension Dm 
is defined by 

(1) 

where Cm(r) denotes number of pairs of vector points, V;:) and VJ:i), of mu
tual distance rij less than r. Dm(ln r) can be obtained in sufficient accuracy 
for N 2:: 128 as tested empirically by changing N. If Dm{ln r) is practically 
constant over some range in In r, the statistical property of the data is not 
random but is either colored noise or chaos. The distinction between the 
latter two cases can be distinguished by the surrogate data test. The em
bedding dimension m should be taken to be larger than 2D + 1. 

3. Results 
Almost all of about 3,000 sets of 128-ASATI data show random noise charac
teristics as expected. There are, however, 13 cases showing fractal dimension 
D7 less than 4. The uncertainty in the definition of the low dimensionality 
can be estimated empirically from the range of flatness of the Dm curve 
compared with the degree of fluctuation of the determination of Dm. The 
probability of random noise being taken as chaos or colored noise is found 
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to be 10-16 • The same analysis for the Osaka City University data (the 
observing site is 115 km distant) finds 5 cases of low fractal dimensionality 
that occurred simultaneously with some of the 13 cases of the Kinki Uni
versity. This excludes the possibility of the low dimensionality by means of 
either instrumental or accidental causes by the probability of 10-12 • In 
the surrogate data test, the order of 128-ASATI data showing a low fractal 
dimension (flat Dm) is completely randomized. The same analysis as before 
is then repeated. We found that we have actually observed chaos, since the 
flat part of Dm has practically disappeared with the surrogate data. Col
ored noise characteristics have also been recognized, however, in a few cases. 

4. 1991 Sept.19 Events 
A series of surprising events occurred on Sept.19, 1991. The D7 was first 
detected as 4.5 on Sept.12.7 (JST). Writing this as (4.5,12.7), we can de
scribe the events as [(4.5,12.7), (3.7,19.1), (2.2,19.2), (1.2,19.4), (1.6,19.6), 
(2.6,19.8), (4.0,20.2)]. Low fractal dimension is detected very rarely. Yet, 
we have detected series of low fractal dimensions. The D7 attains a sharp 
minimum value of 1.2 within a few hours. The rapid variation of the fractal 
dimension is not easy to understand. Clustering of events is noticed at the 
minimum. The average time interval is reduced to about 3 min as compared 
with the usual average of 4 to 5 min. 

5. Concluding Remark 
The origin of cosmic ray particles showing extensive air showers is consid
ered to be in active stars such as supernovae, X-ray binaries, pulsars, or in 
galactic center activities. The origin of chaos in air showers is more difficult 
to identify. If it is too far in the Galaxy, chaos will disappear during the 
propagation through interstellar magnetic fields. The energy of the cosmic 
ray, however, is too high for chaos to origin at within the solar system. The 
chaos should have been formed before air shower formation, since it is rarely 
observed. Anomalous atmospheric structure causing chaos is also excluded 
in view of the simultaneous detection by the Osaka City University data and 
of the Sept.19 event. Our tentative model is the chaos produced by disinte
gration of a dust cosmic ray having originated from a comet impinging into 
a magnetic loop outburst in an accretion disk of an active star or in an inner 
Galactic arm and accelerated therein. Further study is vitally needed. (see, 
Ohara et al., 1995) 
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SOLUTIONS OF THE HYDROMAGNETIC EQUATION WITH 

LOCALIZED AND UNIFORM RESISTIVITY 

F. JAMITZKY AND M. SCHOLER 
M ax-Planck-Institut fur extraterrestrische Physik 
D-85740 Garching, Germany 

1. Introduction 
A new analytical solution of the hydromagnetic equation is presented. The 
general solution for the flux function is given for general incompressible and 
irrotational two-dimensional plasma flows. Scaling laws for the width and 
length ofthe current sheet are obtained for uniform and localized resistivity. 
For uniform resistivity the scaling laws predict an infinite growth of the 
current sheet length for increasing magnetic Reynolds number, while for 
localized resistivity the current sheet length possesses an upper bound. 

2. The Hydromagnetic Equation 
The electric field is given by Ohm's law: 

E+vxb=1]j (1) 

where E , b , v , 1] and j = V.x b denote the electric field, the magnetic 
field, plasma velocity, the electric resistivity and the electric current density 
respectively. For an incompressible two-dimensional flow in the x - y plane 
one can define a stream function <fJ and a flux function a such that v = 
V <fJ X z and b = Va x z . Ohm's law can be written as: 

(2) 

where the bracket is defined by [u,v] = oxUOyv - OyUOxV . This equation is 
called the stationary hydromagnetic equation. 

3. General Solution 
For an irrotational flow defined by V2<fJ = 0 one can find a complex function 
X(x + iy) and a function 'IjJ(x, y) such that X(x + iy) = <fJ(x, y) + i'IjJ(x, y) • 
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The hydromagnetic equation can then be transformed to: 

TJ (8~ + 8;) a + 81fJa = - Ef( ¢, 1jJ) (3) 

with f( ¢, 1jJ) = Idz I dxl 2 • This equation is an inhomogeneous linear par
tial differential equation with constant coefficients and can be solved by 
standard methods. One obtains as general solution: 

00 00 

+e1fJ/2T} J 11(a)eC1Ht31fJda + e1fJ/2T} J 12(a)eC1 cf>- t31fJ da (4) 
-00 -00 

where 4TJ2 (a2 + /J2) = 1, the functions 11 and 12 are given by the 
boundary conditions and 1(0 denotes the modified Bessel function of second 
kind and zeroth order. 

4. Scaling Laws 
The general solution can be applied to magnetic reconnection. A normalisa
tion is given by bx(O, Le) = be and vy(O, Le) = -Ve . The magnetic Reynolds 
number and the reconnection rate are then defined by Rm = beLel TJ and 
Me = velbe respectively. The current sheet is oriented along the x -axis. 
From the general solution one can derive scaling laws for the width 1 and 
the length L of the current sheet. One obtains: 

II Le '" R~1/2 M;I/2 (5) 

and 
(6) 

In the case when the resistivity is localized to a strip along the y axis 
of halfwidth Xo one obtains as upper bound of the current sheet length 

L ~ Xo (7) 
and for the current sheet width: 

II Le '" (RmMe + L;lx6t1/ 2 (8) 

Even for large magnetic Reynolds number the diffusion region is con
fined to a region of size Xo. 

A full paper is to appear in the Journal of Plasma Physics. 
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LARGE-SCALE ACTIVE CORONAL PHENOMENA IN YOHKOH 

SXT IMAGES 

Z. SVESTKA 
CASS, UCSD, La Jolla, CA 92093-0111, U.S.A. 

F. FARNIK 
Astronomical Institute ASCR, Ondrejoz, Czech Republic 
HUGH S. HUDSON 
Institute for Astronomy, University of Hawaii, 
Honolulu, HI 96822, U.S.A. 
Y. UCHIDA 
Physics Dept., Science Univ. of Tokyo, Tokyo 162, Japan 

P. HICK 
CASS, UCSD, La Jolla, CA 92093-0111, U.S.A. 

AND 

J. R. LEMEN 
Lockheed Palo Alto Res. Lab., Palo Alto, CA 94304, U.S.A. 

We have found several occurrences of slowly expanding giant arches in 
Yohkoh images. These are similar to the giant post-flare arches previously 
discovered by SMM instruments in the 80s. However, we see them now with 
3-5 times better spatial resolution and can recognize well their loop-like 
structure. As a rule, these arches follow eruptive flares with gradual soft x
ray bursts and rise with speeds in the range of 1.1-2.4 km s-1 which keep 
constant for> 5 to 24 hours, reaching altitudes up to 250,000 km above the 
solar limb. These arches differ from post-flare loop systems by their (much 
higher) altitudes, (much longer) lifetimes, and (constant) speed of growth. 
One event appears to be a rise of a transequatorial interconnectiong loop 

In the event of 21-22 February 1992 one can see both the loop system, 
rising with a gradually decreasing speed to an altitude of 120,000 km, and 
the arch, emerging from behind the loops and continuing to rise with a 
constant speed for many more hours up to 240,000 km above the solar 
limb. In the event of 2-3 November 1991 three subsequent rising large-scale 
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coronal systems can be recognized: first a fast one with speed increasing 
with altitude and ceasing to be visible at about 300,000 km. This most 
probably shows the X-ray signature of a coronal mass ejection (CME). 
A second one, with gradually decreasing speed, might represent very high 
rising flare loops. A third one continues to rise slowly with a constant speed 
up to 230,000 km (and up to 285,000 km after the speed begins to decay), 
and this is the giant arch. This event, including an arch revival on November 
4-5, is very similar to rising giant arches observed by the SMM on 6-7 
November 1980. Other events of this kind were observed on 27-28 April 
1992, 15 March 1993, and 4-6 November 1993, all seen above the solar 
limb, where it is much easier to identify them. 

The temperature in the brightest part of the arch of 2-3 November 
1991 was increasing with its altitude, from 2 to 4 X 106 K, which seems 
to be an effect of slower cooling at lower densities. Under the assumption 
of a line-of-sight thickness of 50,000 km, the emission measure indicates 
arch densities form 1.1 X 1010 cm-3 at an altitude of 150,000 km to 1.0 
x 109 cm-3 at 245,000 km 11.5 hours later. It appears that the arch is 
composed of plasma of widely different temperatures, and that hot plasma 
rises faster than the cool component. Thus the whole arch expands upward 
and its density gradient increases with time which explains why Yohkoh 
images show only the lowest and coolest parts of the expanding structure. 
The whole arch may represent an energy in excess of 1031 erg, and more if 
conduction contributes to the arch cooling. 

We suggest that the rise of the arch is initiated by a CME which re
moves the magnetic field and plasma in the upper corona and the coronal 
structures remaining below this cavity begin into expand into the "mag
netic vacuum" left behind the CME. However, we are unable to explain 
why the speed of rise stays constant for so many hours. 

The complete paper will appear in Solar Phys. 160, issue 2 (November 
1995). 
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3D MHD SIMULATION OF MAGNETIC FLUX TUBES IN 
CO-ROTATING COORDINATES 

Comparison with Yohkoh Data and Observations of Fast Rotating Stars 

W. CHOU, T. TAJIMA, 
Department of Physics, University of Texas, Austin, TX 78712 

R. MATSUMOTO, 
Chiba University, Chiba, Japan, and ASRC, JAERI, Naka, 
Japan 

AND 

K. SHmATA 
National Astronomical Observatory of Japan, Mitaka, Japan 

The solar soft X-ray pictures taken by the Yohkoh satellite show a 
sequence of regularly spaced, S-shaped active regions at low latitude of 
the north and the south hemispheres. It appears that these active regions 
are emergent parts, due to magnetic buoyancy (Parker) instability, of a 
global helical magnetic flux tube embedded in the convection zone. Also, 
the sunspots, which are the foot points of the emergent flux tube, are ar
ranged as: the preceding polarity of an active region tends to be near the 
equator, whereas the following polarity is farther from the equator. Here in 
this paper, we simulate a 3-D flux tube to compare with these observations. 

The observation of some fast rotating stars shows that stellar spots 
appear near the polar region but not near the equator. We provide an 
explanation from our linear analysis: the magnetic field in the low latitude 
has very small growth rate, due to fast rotation, while the field in the 
polar region has much larger growth rate, so that it can emerge outside the 
surface of star. 

In our simulation, we assume an ideal gas with adiabatic 'Y = 1.05. 
The resistivity, viscosity, and thermal diffusivity are negleted. Cartesian 
coordinates are used, with z in the vertical direction opposite to the con
stant gravity and the cylindrical flux tube along the x direction. Magnetic 
field is imbedded inside the cylinder and parallell to the x-direction with 
plasma f3 = 1, and B = 0 outside. To initiate the dynamics, a small ve
locity perturbation V:z; is added inside the tube. The code uses modified 
Lax-Wendroff scheme with artificial viscosity. The rotational speed used 
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Figure 1. Isosurface of B2 = l[PoC~l oftoroidal:flux tube in north 30 degree after the 
system rotates 3/4 turn. 

here is OH/VA = 0.1, which is the same order of magnitude as in the real 
solar case, where VA = 2 x 105cm/sec, and scale height H = lOlOcm. 

We see magnetic buoyancy when there is no rotation, similar to Mat
sumoto et. al. (1993). When the flux tube is put in the north pole and 
includes rotation, the tube is twisted by Coriolis force. In this case, it 
looks like a rubber tube wrung from two ends, and the magnetic field lines 
wound along the twisted tube. The direction of tilting is the same as the 
observation. Figure 1 shows the simulation result of a toroidal flux tube in 
north 30 degree of the Sun. The Coriolis force not only serves as a twisting 
mechanism, but also causes asymmetry in east-west direction, because the 
Coriolis force induces the flow in negative x-direction (solar east). 

Using the technique similar to Parker (1979) and Horiuchi et al. (1988), 
we peformed the linear stability analysis of magnetic flux sheet (instead of 
flux tube) in co-rotating frame, assuming isothermal atmosphere. We found 
that the linear growth rate of Parker instability in the low latitude region 
is much smaller than that in the high latitude region. IT the rotation speed 
is greater than some critical value, the toridal magnetic flux sheet in the 
equator will be stable. We note that the growth (or decay) mode in the 
north hemisphere travels toward the positive x (direction of magnetic field) 
and positive y (north) direction. 
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DISTRIBUTIONS OF THE MAGNETIC FIELD INCLINATION 

IN SUNSPOTS 

T. SHINKAWA AND M. MAKITA 
K wasan Observatory, Kyoto University 
Yamashina, Kyoto 607, Japan 

Many authors have observed sunspot magnetic fields. Most of their re
sults agreed that the inclination angle of the magnetic fields to the vertical 
line ('Y) is 0° at the center of sunspots. But at the outer edge of the penum
brae, while the results by Beckers and Schroter (1969), Wittmann (1974), 
etc. are'Y = 90° , the results by Kawakami (1983) , Skumanich et ai. (1994), 
etc. suggest 'Y = 70° f'V 75°. The difference is a question to be settled, be
cause the Evershed flow is considered to be horizontal. 

There is a simple way to determine the inclination angle of the mag
netic field of a nearly circular sunspot. When a sunspot is observed near 
the Sun's limb the magnetic field in a meridional plane through the center 
of the spot is nearly normal to the line of sight. When the magnetic field is 
normal to the line of sight, its inclination angle to the vertical line can be 
obtained from the azimuth (Q) of the linear polarization. We can determine 
it from the ratio between Q and U. ( Q = ! tan-l(~). ) The advantage of 
this method is to be able to determine the inclination angle geometrically, 
without solving the complicated line-formation problem (Hale and Nichol
son, 1938). 

In this work, we use the data obtained with the vector magnetograph of 
the Okayama Astrophysical Observatory (OAO). Two compensators elim
inate the instrumental polarization of the telescope. 

Among all data which were observed with OAO's magnetograph from 
December 1982 to December 1990, we look for large axially-symmetric 
sunspots near the limb ( heliocentric angle 0 is more than 60° ). We se
lected 10 sunspots from this data base. 

Near the center of the spot the error of the inclination angle (~'Y) is 
about ±1 0, at the outer penumbrae ~'Y f'V ±5° . 

Figure 1 shows the averaged distribution of the magnetic field inclina
tions of the 10 sunspots. 
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Figure 1. The spatial variation of the inclination angle of the magnetic field of sunspots. 
The distance (p) from the center of the spot is normalized to the sunspot radius deter
mined by the line intensity images. We show error bars. Negative or positive p means the 
direction to the equator or (north or south) pole respectively. 

At the center of spot 'Y '" 0°. At the boundary of the penumbrae with 
the photosphere 'Y '" 80°. Considering errors, at the outside of sunspots 'Y 
is definitely smaller than 90°. 

Our result is similar to the distributions of inclination of Skumanich et 
ai. (1994), or Kawakami (1983) but is different from those of Beckers and 
Schroter (1969), or Wittmann (1974). 
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DYNAMICS OF THE SOLAR GRANULATION: 

ITS INTERACTION WITH THE MAGNETIC FIELD 

A. NESIS, R. HAMMER AND H. SCHLEICHER 
Kiepenheuer-Institut fur Sonnenphysik 
Schoneckstr. 6, D-79104 Freiburg, Germany 

1. Introduction 

The dynamics of the granulation manifests itself in the Doppler shift fluc
tuations of the cores of spectral lines, which are associated with spatially 
resolved intensity structures (granules). Another part of the dynamical 
behavior of the granulation, especially the dynamics of the intergranular 
space, leads to unresolved Doppler velocity fluctuations detectable as line 
broadening enhancements of magnetically insensitive absorption lines. 

Our study is based on high-resolution spectra of Ca network and in
ternetwork regions taken at the VTT on Tenerife. The enhanced magnetic 
activity of the network could change the behavior of convective flow and 
turbulence. We analyze the statistical properties of line shifts and broad
ening of magnetically sensitive and insensitive lines, in particular the in
termittency of the turbulent velocity field. We study the variation of these 
statistical parameters with height and with the level of magnetic activity. 
The results could be relevant for the heating of the overlying layers. 

2. Results and Conclusions 

Granulation interacts with the magnetic field mainly via the unresolved 
velocity field, which is particularly prominent in the intergranular space 
near granular borders. The unresolved velocity often does not occupy all 
the available intergranular space; therefore, it is intermittent. We determine 
the intermittency coefficient to be in the range 0.6-0.7 and find that neither 
the vertical stratification in the granular overshoot layers nor the magnetic 
activity appear to affect the character of intermittency of the enhanced line 
broadening. 
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Strong velocity gradients of the convective overshoot flow at the borders 
of granules (cf. Nesis et al. 1993) could be the sources of the unresolved 
velocity field in the intergranular space. In such a case the velocity field 
can be considered as shear turbulence. 

In the supergranular network we found the magnetic field also located 
at granular borders, at those places that exhibit an enhanced turbulent 
unresolved velocity field. Therefore, magnetic and turbulent fields are not 
only intermittent, but also co-located. 

Furthermore, we calculated the power spectra of the unresolved veloc
ity field and of the resolved velocity field corresponding to the convective 
Doppler velocity shift. For granular size scales, the power spectrum of the 
convective Doppler shift shows a slope of ~ 1/k5/ 3 , whereas the unresolved 
velocity field exhibits a slope of ~ 1/k2, where k is the wave number. These 
slopes are the same for network and internetwork regions, although the 
Doppler shift velocity as well as the unresolved velocity field are clearly 
inhibited by the magnetic field in the network. This confirms results by 
Kida et al. (1991), who found power spectra with slopes of ~ 1/k5/ 3 and 
~ 1/k2 in their theoretical study of the properties of MHD turbulence. 

It is conceivable that the heating mechanisms of the chromosphere and 
corona are related to the presence of magnetic fields and their excitation 
by turbulent processes in the granular overshoot layers. Our results suggest 
that the sources of these heating mechanisms are intermittently distributed 
within the intergranular space and tightly connected with the existence of 
large gradients in the convective flow field. The co-location of the magnetic 
and unresolved velocity field supports this possibility. 
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A MODEL OF MAGNETIC FIELD ON SUPERGRANULES 

SAN JAE 11 AND OK RUN KIM 
Pyongyang Astronomical Obs., National Academy of Science, 
Pyongyang, DPR of Korea 

AND 

SONG HAK KIM 
Dept. of Physics, Kim Hyong Jik Univ. of Education, 
Pyongyang, DPR of Korea 

The magnetic fields in supergranules and in the chromospheric network 
have been studied by Kopp & Kuperus (1968), Gabriel (1976), Delache 
(1976), Simon, Weiss & Nye (1983) and Anzer & Galloway (1983). 

From the previous models, we understand that the magnetic field frozen
in to the plasma flow of a supergranular convective cell is concentrated 
around the boundary of the supergranule to form imaginary magnetic 
charges, which determine the distribution of the magnetic field in the 
photosphere and the chromosphere. By using Frazier (1970)'s observation 
we obtained the depth of 1MC - ~ 5200 km and the quantity of 1MC -
~ 1.3 X 108 G km2• 

The two-dimensional shapes of magnetic force-lines distributed by this 
1MC are similar to the results of Kopp & Kuperus (1968) and Gabriel (1976). 
vVe assume that the supergranular convective cells form in a regular hexag
onal shape and the 1MCs are arranged at their boundaries. We are then 
able to explain Frazier (1970)'s three curves on the line-of-sight component 
of magnetic field at photospheric level quiet well, as shown in Fig. 1. 

From divIB=O, we obtain a formula for the line-of-sight component of 
magnetic field of supergranules: 

6 
211" ""' (i) Bz( Z) = r;; 2 L..! Qm = const, 

y3L i=l 

where L( =3.2x 104 km) is the size of the supergranular cell and Q!:2 is the 
quantity ofIMC. Taking account of const ~ 1G., 1MCs in magnetic elements 
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(a) 

Figure 1. Interpretation of Frazier's magnetic field curve 
(a) distribution of IMCs in the fundamental magnetic element 
(b) comparison of theoretic curve (solid line) with observational curve (dotted line) 

are distributed with bipolar shapes. Therefore, IMCs may be related to the 
formation of XBPs in the corona. 

In fact, forming XBPs by a crossing of bipolar magnetic fields with 
opposite polarities will generate 2.6 X 103 of XBPs [Skylab observation: 
1.5 x 103 (Golub et al., 1974); Yohkoh observation: 4 x 103 (Harvey et al., 
1994)], and the spaces between those bipolar points are ~ L/2=1.6 x 104 km 
[Yohkoh observation: ~ 2 x 104 km (Harvey et al., 1994)]. 

Also, the concentrating time of IMC is evaluated to be ~ 25 hours, 
which is consistent with the life time of supergranules 20 ,... 28 hours and 
the lifetime of ephemeral-region ~ 24 hours. 

Acknowledgements. The authors would like to thank Profs. T. Sakurai 
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SOLAR CONVECTION AND MAGNETO-CONVECTION 

SHANTANU BASU AND DAVID J. BERCIK 

Physics and Astronomy Department, Michigan State University 
East Lansing, MI48824, USA 

AKE NORDLUND 

Copenhagen University Observatory, Ostervoldgade 40, 
DK-1350, Copenhagen, Denmark 

AND 

ROBERT F. STEIN 

Physics and Astronomy Department, Michigan State University 
East Lansing, MI48824, USA 

1. Discussion 

We explore the general properties of convection in a solar surface layer. 
Our three-dimensional simulations use a tabulated equation of state that 
includes excitation and ionization of hydrogen and other abundant atoms, 
and the formation of H2 molecules. The radiative energy exchange is de
termined by solving the radiative transfer equation. This is particularly 
important in the upper cooling layer, where the observed granulation pat
tern is created. Our hydrodynamic runs simulate a region 6 X 6 X 3 Mm, 
extending vertically from the temperature minimum at 0.5 Mm above the 
visible surface, down to 2.5 Mm below it. We have run a new simulation 
at twice the resolution (25 km horizontally, and 15 - 35 km vertically) of 
a previous run. The bulk properties of the convection are very similar in 
both runs. The general picture is one in which most of the gas is found in 
slowly rising, expanding upfiows. The gas that does reach the surface moves 
horizontally, cools, and descends back into the stratified atmosphere, being 
compressed into narrow, rapidly descending filaments. This general topol
ogy of the convection is described in detail by Stein and Nordlund (1989). 
The high resolution run reveals more small granules, and has more small 
scale structure in the granulation pattern and in the downdrafts. Figure 1 
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Figure 1. The progressive change in the surface emergent intensity (granulation) pattern 
as we go from horizontal grids of 63 X 63 to 125 X 125 to 253 X 253. 

Figure 2. A comparison of the granulation patterns for hydrodynamic and magnetohy
drodynamic convection. The runs are made at identical horizontal resolution (50 km). 

compares the granulation pattern in three different runs, with horizontal 
grids of 63 X 63, 125 X 125, and 253 X 253 (new run), respectively. 

Figure 2 shows the granulation pattern from a preliminary magneto
convection run (see also Nordlund and Stein 1990; Stein et al. 1992). An. 
initially uniform vertical magnetic field of 500 G was imposed on a snapshot 
of hydrodynamic convection. The computed region is 3 x 3 x 1.5 Mm. We 
plot a 6 X 6 Mm region of the granulation pattern, assuming periodicity in 
the horizontal directions, to facilitiate comparison with the hydrodynamic 
run. It is seen that the granule sizes tend to be smaller in the presence of 
the imposed magnetic field. 
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TRIPLE-DIPOLE MODEL ON mE LARGE-SCALE MAGNETIC STRUcruRE 
OF THE SUN 

1 2 0 MA2 T.SAITO ,Y. KOZUKA ,M. K: 11 , 
Y. MORI a ,M. YASUE a, & Y. MATSUURA a 

1 Tohoku U.,Emer. Prof., 2 S1E Lab. Nagoya Univ., a Miyagi Univ. Education 

1. Introduction 
It is necessary from a viewpoint of solar-terrestrial physics to study complex 
heliomagnetospheric structure and its solar cycle variation. The purpose of the 
present paper is to investigate large-scale structure of the solar magnetic fields, 
especially in relation to high-latitude prominences. 

2. Large-scale Magnetic Structure and Its Solar-cycle Variation 
Most of the PNL's (magnetic neutral lines at the photosphere with radius of r=1.0Rs) 
is connected to the SNL (neutral line at the source surface with r=2.5Rs) by one 
neutral sheet in the coronal region (Saito, et al., 1993). Since the magnetic field 
distribution at the source-surface is nearly dipolar (Saito, et al., 1995), it is convenient 
to represent the distribution by a large-scale neutral sheet (LSNS) as shown in Figure 
lB. Associating with the reversal of the polar magnetic field of the sun, the LSNS 
shows clearly a 180 0 reversal once every one solar cycle. This solar cycle variation 
is well expressed by the triple-dipole model (Saito, et al.1994) as shown by the LSNS 
calculated from the three dipoles in Figure 1C. 

3. High-latitude Prominence 
Solar prominences, which tend to appear along the PNL, are classified into the 
midlatitude type and the high-latitude type. The observed high-latitude type is at 
-- 40 0 heliolatitude in sunspot minimum phase, while -- 90 0 in maximum phase. 
Then assuming that the prominences tend to appear under the SNL, the latitude of 
SNL is read from 1976 to the present as expressed by the dots in Figure 10. The 
envelope of the dots mean the, highest latitude of the SNL. The simple SNL is 
connected via LSNS to the meandering PNL, whose latitudes are, therefore, deviated 
from the latitude of the SNL. Since the solid curve in Figure 10 is drawn by 
considering the latitudinal deviation from the envelope (broken curve), the solid curve 
means the highest latitude of the PNL, along which the high-latitude prominences are 
expected to appear. It is clear that the solid curve expected from the LSNS agrees 
well with the observed tendency of the high-latitude prominence. 

4. CME along the Large-scale Neutral Sheet 
The July 31, 1992 event on the outstanding loop prominence were found to burst out 
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along an LSNS. The April 14, 1994 event on a filament disappearance in southern 
high latitude gave rise to a CME (Hudson, 1995), which is also revealed to expand 
along the LSNS. Hara (1995) advocated the importance of high-latitude filament 
disappearance citing the November 22, 1991 event, which is confirmed to be closely 
related to the LSNS (cf. Figure 3 of Saito, et al., 1994). Hence, it is concluded that 
the role of the LSNS must be very important for CME originated from filament 
disappearance. 
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SOLAR CYCLE VARIATION OF THE ROTATION OF THE 

LARGE-SCALE MAGNETIC FIELD OF THE SUN 
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Solar-Terrestrial Environment Laboratory, Nagoya University, 
3-13, Honohara, Toyokawa 442, Japan 

AND 

T. SAITO 
Taihaku 3-6-29, Taihaku-ku, Sendai 982-02, Japan 

Large-scale structures of the solar magnetic field tend to rotate more 
rigidly than smaller-scale structure. It is known that coronal holes rotate 
quasi-rigidly while sunspots show a differential rotation. The rotational 
characteristics of some solar structures have been examined using auto
correlation techniques. Large-scale magnetic field, however, has not been 
discussed in detail. In the present study, we investigate the rotational char
acteristics of the large-scale solar magnetic field during about two solar 
activity cycles. A spherical-harmonic analysis is used for analyzing a dis
tribution of the photospheric magnetic field. 

Synoptic charts of the photospheric magnetic field observed at National 
Solar Observatory /Kitt Peak during the period from 1985 to 1994 are used 
in this analysis. A multi pole expansion of the photospheric magnetic field 
was performed for every Carrington rotation. The Carrington longitudes 
of the horizontal magnetic axes of (n, m) = (1,1) component (,horizontal 
dipole') and (n, m) = (2,2) component ('quadrupole') were calculated from 
spherical harmonic coefficients. The harmonic coefficients during solar cycle 
21 have been calculated by Hoeksema and Scherrer (1986) using the Stan
ford solar magnetic field data. Rotation periods of the horizontal dipole and 
quadrupole components were given from changes of the longitudes of the 
magnetic axes. We obtained a long-term behavior of the rotation period of 
each harmonic component during about two solar cycles. 

Figure 1 shows the rotation periods of the positive magnetic axes of 
the horizontal dipole and quadrupole components during about two solar 
activity cycles. The rotation period of the horizontal dipole component is 
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Figure 1. Long-term variation of the rotation periods of the positive magnetic axes of 
the horizontal dipole and quadrupole components from 1977 to 1993. Top panel shows 
the relative sunspot numbers. 

about 28-29 days in the rising phase of the solar activity cycle and about 
27 days in the declining phase. In cycle 22 the 28-days rotation period also 
appears from the end of 1992 to 1993. On the other hand, the rotation 
period of the quadrupole component is different from that of the horizontal 
dipole. The quadrupole shows the rotation period of 27-28 days in cycle 21, 
while more than 29-days period appears in the rising phase of cycle 22. A 
rapid change of the rotation period from 29 days to 26.5 days is seen at the 
middle of 1990 near the solar maximum of cycle 22. 

These results show that each mode of the spherical harmonics of the 
photospheric magnetic field has own rotation period. It is also concluded 
that the rotation periods of the horizontal dipole and quadrupole exhibit a 
solar cycle dependence (Kozuka et af., 1995). 
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GRAND MINIMA IN SOLAR MAGNETIC ACTIVITY 

S.M. TOBIAS 
Department of Applied Mathematics and Theoretical Physics 
University of Cambridge, Cambridge CB3 9EW, UK 

The basic 11 year solar cycle is aperiodically modulated on a longer 
timescale of approximately 80-90 years (the Gleissberg cycle) and solar 
activity is recurrently interrupted by Grand Minima on a timescale of about 
200 years (see Weiss in these proceedings). It is widely accepted that the 
Sun's magnetic field is generated by a dynamo acting at (or near) the base 
of the convection zone, and it is possible to construct a very simple third
order model (Tobias et al. 1995), using physical arguments and normal 
form theory, that demonstrates that aperiodic modulation of the basic cycle 
follows immediately from the assumption that dynamo action sets in at a 
supercritical Hopf bifurcation. In their paper this modulation is associated 
with the appearance of grand minima, but another interpretation is that 
the modulation leads naturally to the Gleissberg cycle and that another 
explanation must be found for the appearance of minima. 

One possible mechanism has been proposed by M. Schussler (Ferriz-Mas 
et a11994). Here the normal solar cycle is produced by a 'dynamic a-effect' 
due to the motion of flux tubes rising under the influence of buoyancy forces 
to induce helicity at the base of the convection zone. When the dynamic 
a-effect is in operation strong fields are easily generated and the dynamo 
works 'normally'; i.e. (using the variables and equations of Tobias et al.). 

r = (.\ + z + cz2)r + ar3 + bzr2 sin </>, } 
;p = n - bzr cos </>, if Izl > Zo or r> ro. (1) 
z = -z - r2, 

These strong fields may act back on the flows that produce them and switch 
off the dynamic a-effect. With this a-effect no longer working the magnetic 
field has to build up slowly due to the action of the turbulence, so 

r nand(O, 1), } 

~ ~a;~(~2~) - bzr cos </>, if Izl < Zo, r < ro (2) 
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Figure 1. a) Time series for toroidal field x(t). b) Time series for toroidal field strength 
Ixl(t). c) Time series for magnetic field strength r = (x 2 + y2)1/2. The modulation and 
occurrencce of minima are clearly shown. 

where f is small and rand(O, 1) is a random number between zero and one. 
These equations are integrated numerically and the results are shown 

in Figure 1. It is clear that both the modulation of the basic cycle (The 
Gleissberg cycle) and the appearance of minima (due to switching) can be 
successfully modelled. 
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SPECTRAL IMAGING OF AR LAC FROM 1981 TO 1994 
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AND 

J.E. NEFF 
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Abstract. The eclipsing RS CVn-type system AR Lacertae (KO N-G2 IV) 
has been observed with IUE satellite approximately every two years from 
1981 to 1994. The principal purpose of these observations was to obtain 
systematic series of high-resolution (L).,A ~ 0.24 A) Mg II h & k line spectra 
suitable for Spectral Imaging analysis and long-term activity study (Walter 
et al. 1987, Neff et al. 1989). 

We present here preliminary results of the 1994 observation run, and 
discuss the long-term chromospheric activity evolution since 1981. 

1. Preliminary results of the 1994 campaign 

59 SWP low-resolution and 59 LWP high-resolution spectra were obtained 
by IUE between Oct 02 and 06, with a continuous coverage of ",,102 hours. 
As shown in Figure 1, the Mg II k -line chromospheric emission is mainly 
modulated by the primary and secondary eclipses (vertical dashed lines), 
whilst only the primary eclipse is clearly visible in the C IV light curve. 
This is indicative of a confined transition region on the G star, in agreement 
with Ottmann (1993), who found a low corona on the G component from 
the analysis of the X-ray emission. At least three TR flares are visible in 
the C N light curve, which were not detected in chromospheric lines. 

2. Spectral Imaging results and long term variability 

In Figure 2 an illustrative drawing of the AR Lac chromospheric spatial 
configurations as resolved by our Spectral Imaging analysis of data acquired 
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Figure 1. AR Lac Mg II k and C IV fluxes versus orbital phase between Oct 02-06,1994. 
Figure 2. A drawing of the AR Lac chromospheric spatial configurations as resolved by 
our Spectral Imaging analysis. 
Figure 3. AR Lac long-term variability in Mg II liI).es and in the V magnitude. 

between 1983 and 1992, is shown. 
Mean out-of-eclipses Mg II k line fluxes versus time are shown in Figure 3 

for the system (top pane0 and the separate components (middle panels). 
The vertical bars indicate the range of variability during each observation 
run. In the years 1986-1988, AR Lac showed a maximum of chromospheric 
emission. The long-term modulation of the AR Lac Mg II light seems to be 
mainly due to the K star. In fact, the G star emission was almost constant 
during the investigated time interval. The amplitudes (max-min) of the 
AR Lac V light-curves are plotted versus time in Figure 3 (bottom pane0. 
The period of maximum chromospheric emission apparently occurs close to 
the phase of minimum spot coverage. However, no conclusive evidence of 
correlation or anticorrelation between the chromo spheric and photospheric 
variability can be drawn. 
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TWO MECHANISMS OF A CURRENT SHEET CREATION 

IN THE SOLAR CORONA. 

A.1. PODGORNY 

Lebedev Physical Institute 
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Department of Electrical Engendering, Osaka City University 
3 Sugimoto Sumiyoshi Osaka, 558 Japan. 

Many papers confirm the possibility of energy storage in a current sheet 
(CS) and its fast transfer into thermal energy and plasma acceleration. The 
energy storage in the solar corona may occur by disturbances focusing in 
the singular magnetic line or at powerful plasma flow interaction with the 
transverse magnetic field. Both possibilities were numerically simulated. 

One-fluid MHD equations for compressible plasma has been numerically 
solved for the magnetic field B , the velocity V , the temperature T, and 
the plasma density n. The PERESVET program has been used [1, 2J for 
solving these equations. 

Current sheet creation by small disturbance on the photosphere has 
been investigated by numerically solving the equations in the 3D space for 
j3 = 10-2 • The initial magnetic field with a neural line is approximated by 
4 dipoles. The disturbance focusing and CS creation has been observed at 
different types of disturbance on the photosphere. The stable current sheet 
is appeared in the Alfvenic time. Simultaneously plasma acceleration takes 
place along the CS, because of a normal magnetic field component in the 
es. The JxB force produces plasma acceleration in both direction along 
the es up to the super Alfvenic velocity. 
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In the process of the CS evolution the CS transfers in an unstable condi
tion. The energy storage in the magnetic field can release and a flare occurs 
[1]. 

Besides the mechanism of long time CS creation at disturbance focusing 
the alternative possibility can occur at supper Alfvenic plasma jet interac
tion with the perpendicular magnetic field with the plasma at f3 = 0.01 [3]. 
The numerical solution is carried out for 2D case. The jet velocity is four 
Alfven velocity. In time order of one Alfvenic time after injection a typical 
stationary CS is created. No MHD instability has been observed. Appar
ently, any arising disturbance transfers from the region by supper Alfvenic 
plasma flow. When the plasma injection is ceased the CS 1ecome unstable 
and fast energy release is observed. 

The electrodynamical solar flare model [4] is based on a possibility of 
the CS creation in the solar corona and possibility of the field-aligned cur
rents (FAC) generation in a CS. Measurements in the Earth magnetosphere 
and laboratory experiments [5] demonstrate electric field )xB / nee creation 
along a CS. Such electric field produces FAC in the Earth magnetotail. FAC 
closed in the ionosphere by the Pedersen currents. The similar circuit must 
exist in the solar corona. FAC should connect in the photosphere. 

In the process of CS development, plasma outflow along the CS may 
exceed plasma inflow because of magnetic reconnection. CS thickness de
creases and CS becomes unstable [3]. The thickens decreasing accompanied 
by sharp increasing of E and FAC and fast plasma acceleration along CS 
takes place. If FAC achieve some critical value (current velocity ~ elec
tron thermal velocity) the FAC becomes unstable and anomalous resistance 
or/and electrical double layers arise producing electron acceleration. Fast 
electrons create soft X-rays and Hex in the chromosphere. Electrons, which 
are accelerated upward in downward FAC, produce radio bursts. The very 
important feature of Hex emission is the matter motion downward. Upward 
motion (in C a X I X lines) is observed in the same place. Usually, the effect 
is explained by explosive heating in the chromosphere due to the pulse of 
fast electrons. But usually the momentum of downward motion is bigger 
than upward one. This effect can be explained by electrodynamical accel
eration in the chromosphere between a pare of FAC. 
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