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Preface

Supernovae are among the most energetic phenomena in the Universe and re-
lated to almost all aspects of modern astrophysics including starburst galax-
ies, cosmic ray acceleration, neutron star and black hole formation, nucle-
osynthesis and ISM chemical enrichment, energy input to the ISM, cosmic
distance scale determination, dark energy related cosmological acceleration,
gamma-ray bursts, extra-solar system neutrino burst detection, gravity wave
generation, and many more. Additionally, the past 15 years have been par-
ticularly productive with many new results and new understanding due in
particular to the closest SN in 400 years in SN 1987A in the Large Mag-
ellanic Cloud, and the unusually bright and close SN 1993J and SN 1994I
in the nearby galaxies M81 and M51, respectively. In addition, the discov-
ery of the γ-ray burst GRB 980425 and its related supernova SN 1998bw,
and the confirmation of GRB 030329/SN 2003dh, tied the study of SNe and
GRBs inextricably together. With the many developments since the last ma-
jor supernova meeting in La Serena, Chile in 1997, we felt that it was an
appropriate time to bring together experts and students interested in the
subject for a meeting where SN and GRB properties and interrelationships
could be discussed. The tenth anniversary of SN 1993J provided such an op-
portunity and, appropriately, the meeting was held in Spain where SN 1993J
was discovered on the early morning of 28 March 1993 by a Spanish amateur
astronomer, Francisco Garćıa.

The conference covered all aspects of supernova and GRB research: the-
oretical aspects like nucleosynthesis and explosion mechanisms, progenitor
stars, pulsar and SNR formation, interaction with the circumstellar medium,
and particle acceleration mechanisms, as well as observational aspects includ-
ing radio, IR, optical, X-ray, and gamma-ray studies. Cosmology and Dark
Energy were also extensively discussed. The conference consisted of 17 re-
views, 17 invited talks, 58 contributed papers and 50 posters. Wider public
interest in astrophysics in general and supernovae in particular was shown
by the large attendance at the excellent open lectures given by the renown
scientist, lecturer, and author Sir Martin Rees from Cambridge, UK, by Fran-
cisco Garćıa from Lugo, Spain, and by the world’s most successful amateur
supernova hunter, Rev. Robert Evans from Hazelbrook, New South Wales,
Australia.



VI Preface

In order to preserve and more widely disseminate the information pre-
sented at the meeting, we have prepared the present volume and accompany-
ing CD-ROM. The CD additionally includes poster descriptions and meeting
photographs not printed here.

Such a valuable meeting would not have been possible without the sup-
port of many people and institutions. There is no way that we can list all
the people who contributed to making the meeting a success, but we would
particularly like to thank M. Toharia, Director of the Museo de las Ciencias
Pŕıncipe Felipe, Prof. F. Tomás, Rector of the Universitat de Valencia, and
Prof. J. Quesada, Head of the Oficina de Ciencia y Tecnoloǵıa de la Gen-
eralitat Valenciana. Very special thanks are also due to the members of the
Local Organizing Committee and, in particular, to its co-chairman Dr. J. C.
Guirado and to the staff of the Museo de las Ciencias.

The conference could not have taken place without the financial and tech-
nical support of many Valencian, Spanish, European, American, and inter-
national agencies and institutions: Ciudad de las Artes y de las Ciencias de
Valencia, Universitat de Valencia, Generalitat Valenciana, Ayuntamiento de
Valencia, Ministerio de Ciencia y Tecnoloǵıa, Consejo Superior de Investiga-
ciones Cient́ıficas, Sociedad Española de Astronomı́a, European Commission,
International Astronomical Union, International Union of Radio Science, Na-
tional Aeronautics and Space Administration, National Science Foundation,
American Astronomical Society, and the Naval Research Laboratory all con-
tributed to its success.

We would also like to thank Viajes Iberia Congresos for the efficient con-
ference organization and Springer for the continuous support and patience
with the editors of these proceedings. KWW wishes to thank the Office of
Naval Research for the 6.1 funding supporting his research.

Fig. 1. Photographs (courtesy of Brian P. Schmidt) of the galaxy M81 with
SN1993J readily apparent (left), the area of the SN before explosion (right, top),
and the area with SN1993J near maximum brightness (right, bottom).

Valencia – Washington, J.M. Marcaide
August 2004 K.W. Weiler
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08034 Barcelona, Spain
badenes@ieec.fcr.es

Norbert Bartel
York University
Toronto, Canada
bartel@yorku.ca

Edo Berger
Division of Physics, Mathematics
and Astronomy, 105-24
California Institute of Technology
Pasadena, CA 91125, USA
ejb@astro.caltech.edu

Michael F. Bietenholz
York University
Toronto, Canada
mbieten@yorku.ca

G.S. Bisnovatyi-Kogan
Space Research Institute
Russian Academy of Sciencs
Profsoyuznaya 84/32
Moscow 117997, Russia
gkogan@mx.iki.rssi.ru

A. Blanchard
LAOMP
14, Av. E. Belin
31 400 Toulouse, France
alain.blanchard@ast.obs-mip.fr

Joshua S. Bloom
Harvard-Smithsonian Center for
Astrophysics, MC 20
60 Garden Street
Cambridge, MA 02138, USA
jbloom@tdc.harvard.edu

Eduardo Bravo
Departament de F́ısica i Enginyeria
Nuclear
Universitat Politècnica de Catalunya
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Supernovae: Individual



A Decade of Radio and X-ray Observations
of SN 1993J
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Nino Panagia4, Christopher Stockdale5, Christina Lacey6, Marcos Montes2,
and Michael Rupen3
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Summary. We review ten years of radio continuum and X-ray monitoring of the
Type IIb SN 1993J in M81. The supernova (SN) has been observed continuously,
since only a few days after explosion, by our group with the Very Large Array at a
number of radio frequencies, as well as by other groups. As a result, it is among the
best-studied radio supernovae. The observed synchrotron radio emission is thought
to arise from the interaction of the SN shock with the pre-SN wind-established
circumstellar medium around the progenitor star. We describe the properties of the
circumstellar interaction, based on the more fully-developed dataset, and compare
this to our earlier characterization made in 1994. SN 1993J has also been a target
of X-ray satellites, and we briefly discuss the nature of the X-ray emission and,
together with the radio emission, describe the implications for the nature of the
SN’s progenitor.

1 Introduction

The radio emission from supernovae (SNe) serves as an excellent, and often
the only, probe of the final stages of the evolution of the massive progenitor
star. Radio SNe (RSNe) are characterized by nonthermal synchrotron emis-
sion, Sν , at very high brightness temperature (TB); “turn on” of the emis-
sion, first, at high radio frequencies and, subsequently, at lower frequencies;
a power-law decline after maximum radio light at each frequency, with index
β; and, transition from an optically thick spectral index, α (where Sν ∝ να).
Type Ib/c RSNe turn on, reach maximum, and decline rapidly, e.g., at 6
cm, within tens of days, while Type II (mostly II-linear; II-L) RSNe require
several hundred days to rise to 6 cm maximum and then decline much more
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slowly than do the Type Ib/c RSNe. The Type II-narrow (IIn) RSNe evolve
even more slowly, taking more than 1000 days to reach 6 cm maximum, before
a slow decline over many years to decades. Observing most RSNe requires one
to be a “sedentary gentle person of leisure,” but this allows one to analyze
these objects far more carefully and accurately as they evolve, compared to
those who hastily and perfunctorily analyze various faster-evolving objects.

The radio emission has been interpreted via the Chevalier “mini-shell”
model [3, 4], where the relativistic electrons and enhanced magnetic field
necessary for synchrotron emission arise from the SN shock interacting with
a relatively high-density circumstellar medium (CSM) which has been ionized
and heated (> 104–105 K) by the initial X-ray/UV flash. This CSM is pre-
sumed to have been established by a constant mass-loss (Ṁ) rate, constant
velocity (wwind) wind from a massive progenitor star or stellar system. The
ionized CSM, then, is the source of free-free absorption of the synchrotron
emission. A rapid rise in the observed radio flux density results from a de-
crease in absorption as the radio emitting region expands.

In this model, the spectral index α = (1−γ)/2, where γ is the relativistic
particle index, and the decline index β = −(γ+5−6m)/2, where the SN shock
radius evolves with time as Rshell ∝ tm. The SN ejecta have density profile
ρejecta ∝ r−n, while ρCSM = Ṁ/(4π vwind r−s), such that m = (n−3)/(n−s)
(for a spherically-symmetric wind, s = 2).

Chevalier [5] has said that “the expected time evolution of the physical
parameters is not well understood and the predicted light curves are only
plausible estimates of the evolution.” Therefore, we have analyzed the ob-
served data in terms of parameterized light curves. Originally, the param-
eterization was relatively simple and provided an adequate reproduction of
the objects known at that time; see [25]:

S(mJy) = K1

( ν

5 GHz

)α
(

t − t0
1 day

)β

e−τexternal (1)

where

τexternal = K2

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ

. (2)

K1 and K2 correspond formally to the flux density and uniform f-f absorption
(FFA) at 5 GHz one day after the explosion date t0. The absorption decline
index δ = −3m = α − β − 3.

With the discovery of the RSN IIn 1986J, another layer of complexity was
added to the parameterization, allowing for a clumpy or filamentary, mixed
internal emission/absorption mechanism, which leads to a slower radio turn-
on; see [26]:

S(mJy) = K1

( ν

5 GHz

)α
(

t − t0
1 day

)β

e−τexternal

(
1 − e−τfilament

τfilament

)
(3)
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where

τfilament = τ ′ = K3

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ′

, (4)

K3 is the clumpy or filamentary absorption at 5 GHz one day after explosion,
and δ′ = 5δ/3.

From the uniform, external FFA one can estimate the progenitor’s mass-
loss rate [25, 26, 27] as

Ṁ(M�yr−1)
(wwind/10 km s−1)

= 3.0 × 10−6 τ0.5
FFA m−1.5

(
vi

104 km s−1

)1.5

×(
ti

45 days

)1.5(
t

ti

)1.5m(
T

104 K

)0.68

(5)

where ti is the measurement date of the initial ejecta velocity vi, and T is the
wind (CSM) temperature.

2 Radio Emission from SN 1993J

2.1 Ancient History

SN 1993J in M81 was monitored with the Ryle Telescope [18] and Very Large
Array (VLA1; [24]), respectively, from just a few days after explosion up to
the first 300 days. (We do not include discussion of the early mm data here.)
Whereas Pooley & Green [18] observed only at 2 cm, Van Dyk et al. [24]
provide data from 1.3 to 20 cm and found that the standard form of the
Weiler et al. [26] parameterization did not provide an adequate fit to the
data. Specifically, it became apparent, with δ = −1.99 and δ′ = −2.02 (� 2),
that the assumptions of δ = α − β − 3 and δ′ = 5δ/3 did not apply to SN
1993J.

With the results of the then-available VLBI data, that the SN was es-
sentially in free expansion [1, 12], i.e., m � 1, and with τFFA ∝ ∫

ne
2dr ∝

r(−2η+1), ne ∝ r−η (∝ ρCSM) and τFFA ∝ r−2, then η = 1.50. That is,
ρCSM ∝ r−1.5, which is a shallower profile than for a spherically symmet-
ric wind (see also [7]). Such a CSM profile could be explained by either a
decreasing mass-loss rate, Ṁ , or increasing wind speed, wwind, prior to the
progenitor’s explosion. Such variation might also result in a clumpy wind.
1 The VLA telescope of the National Radio Astronomy Observatory is operated by

Associated Universities, Inc. under a cooperative agreement with the National
Science Foundation.
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Fig. 1. Preliminary best-fit model to the SN 1993J VLA data. This model fit
includes a clumpy, external absorbing medium and SSA.

2.2 Alternate Views

It has been proposed that synchrotron self-absorption (SSA) may play a role
in some objects [5]. Fransson & Bjornsson [8] and Chevalier [5] independently
interpreted the SN 1993J data, assuming that the CSM profile was spherically
symmetric (i.e., no shallow profile, no clumps) and that absorption is due to a
combination of pure FFA and SSA. The model provided a good fit to the data.
However, in this model the wind electron temperature, Te, varies with radius,
so that the FFA power law changes with radius and, therefore, with time.
Although such an assumption is not physically unrealistic, an assumption of
Te(r) has not been necessary to interpret any other RSN to date.

Similarly, Perez-Torres et al. [16] also model SN 1993J assuming pure
FFA plus SSA and Te(r), but with ρCSM ∝ r−1.66 (that the exponent is
no longer assumed to be −1.5 is discussed below) and the assumption that
the synchrotron emission is not optically thin. Again, their model provides a
reasonable fit to the data.
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2.3 Modern Times

We have continued monitoring SN 1993J with the VLA at a number of fre-
quencies, including 90 cm, to >4000 days. The SN has also been observed
at late times with the VLA by Bartel et al. [2] and Perez-Torres et al. [17].
SN 1993J continues to be, with the sole exception of SN 1987A, the best-
studied RSN ever. However, the old fit [24] ceases to reproduce the data well,
systematically overestimating the flux densities at late times. It has become
necessary to refit our parameterization to the more complete dataset.

In recent times the parameterization has taken on additional complexity
levels. A clumpy external medium plane-parallel absorption term has been
included. Along with the mixed FFA/nonthermal emission internal to the
interaction region, we also now include SSA in the formalism of τinternal.
Additionally, we also allow for the presence of a distant line-of-sight ionized
medium, which results in a time-independent FFA component to τexternal and
additional spectral turn-over at low frequencies (see [15]). The parameteriza-
tion is now (see [27]):

S(mJy) = K1

( ν

5 GHz

)α
(

t − t0
1 day

)β

e−τexternal

(
1 − e−τCSMclumps

τCSMclumps

)
×(

1 − e−τinternal

τinternal

)
(6)

where the new terms are

τCSMclumps = τ ′ = K3

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ′

(7)

τinternalSSA = K5

( ν

5 GHz

)α−2.5
(

t − t0
1 day

)δ′′

(8)

and

τdistant = τ ′′ = K4

( ν

5 GHz

)−2.1

(9)

and where K3 is now the clumpy external absorption, K5 is the internal
SSA, and K4 is the external time-independent FFA, all at 5 GHz one day
after explosion. (Of course, in addition to clumps or filaments, the CSM may
be structured with significant density irregularities, such as rings, disks, or
shells.)

In Fig. 1 we show a preliminary best fit to the more complete data, in-
cluding both an external clumpy medium and SSA, with χ2/dof=5.48. The
simpler assumption of wind Te = const is adopted. In Table 1 (column 2) we
list the best-fit model parameters. The main point emphasized here is that,
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Fig. 2. Brightness temperature of SN 1993J based on VLA data, assuming vexp =
104 km s−1.

for SN 1993J, SSA is not important, except for very early times, and SN
1993J bears no relationship at all to a sGRB. To further illustrate this, in
Fig. 2 we show TB as a function of time, based on the data at all frequencies
and assuming vexp = 104 km s−1. One can see that SN 1993J comes nowhere
near experiencing any “inverse Compton catastrophe,” and TB < 1011 K is
well under even the equipartition TB [19] that presumably sets a hard limit.
SSA is simply not essential for SN 1993J. Based on this best-fit model, in
Fig. 3 we show the absorption with time, and one can readily see that the
SSA declines far more rapidly than the FFA and generally does not contribute
substantially to the overall absorption.

Therefore we also can apply a preliminary best-fit model (χ2/dof=5.69)
to the data which leaves out SSA completely, but instead includes only FFA
from the CSM (both uniform and clumpy). We show the fit in Fig. 4. As
one can see, both models fit equally well (due to the relatively negligible
SSA); both models also do not quite fit the peaks of the light curves well. In
Table 1 (column 3) we list the best-fit model parameters. What can be seen
is what was found in the past [24]: δ � δ′ � 2. Using the more recent VLBI
results, i.e., m = 0.86 [2, 13], following similar arguments as above, one finds
s = 1.66, i.e., s �= 2 (see also [14]). The main conclusions from the past [7, 24]
still apply for the more complete dataset.
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Fig. 3. Evolution of absorption of synchrotron radio emission from SN 1993J,
based on a preliminary best-fit model. Shown are the clumpy FFA, SSA, and time-
independent FFA from a distant line-of-sight HII region.

Table 1. Best-Fit Parameters

Parameter Value(1) Value(2)

K1 1.39 × 104 1.36 × 104

α −1.04 −1.05
β −0.88 −0.88

K2 ... 9.14 × 102

δ ... −1.88
K3 9.98 × 104 8.33 × 104

δ′ −2.27 −2.26
K4 2.76 × 10−3 2.76 × 10−3

K5 1.78 × 105 ...
δ′′ −3.12 ...

2.4 A New Wrinkle?

As can be seen in both Figs. 1 and 4, α appears to be changing, from ≈ −1
to ≈ −0.6 or −0.7 (see [2, 17]); at late times the overall model, with α � −1,
underestimates the flux densities. We are investigating this change in our



10 Van Dyk et al.

Fig. 4. Preliminary best-fit model to the SN 1993J VLA data. This model fit
includes both a clumpy and uniform external absorbing medium, but no SSA.

continued VLA monitoring. The change could be due to increased adiabatic
cooling and Coulomb losses [17] or the shock expanding into a region of CSM
with a steeper density profile [2].

3 X-ray Emission from SN 1993J

Space does not afford a full discussion of X-rays from SN 1993J. Fortunately,
this topic is discussed in more detail by Immler, Zimmermann, and Pooley in
this volume. The SN was observed early using ROSAT at 0.1–2.4 keV [28, 29],
ASCA at 1–10 keV [10, 22], and CGRO/OSSE at 50–150 keV [11], and at late
times using Chandra at 0.3–8.0 keV [21] and XMM [30]. The main result is
that X-rays were hard early and have become progressively softer. (See, e.g.,
the hardness index from the ASCA data [23].) This can best be explained by
the hard X-rays emerging from the adiabatically expanding forward shock at
∼ 109 K, and the softer X-rays from the radiative reverse shock at ∼ 107 K.
At early times a cool shell, at < 104 K at the shock contact discontinuity,
absorbed most of the soft X-rays from within; see [6, 7]. From the linear
decline of the ROSAT light curve Immler et al. [9] also find that s = −1.63,
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confirming the earlier radio results [24] (see also [20]; although Swartz et
al. [21] find a break in the light curve) and conclude that either wwind was
increasing and/or Ṁ was decreasing, as the progenitor transitioned from a
red to blue supergiant prior to explosion.

The study of this fascinating SN at both radio and X-ray wavelengths
continues.
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Summary. SN 1993J has been imaged with VLBI, and its angular expansion mon-
itored, for almost ten years. The images show shell-like radio structures with almost
circular symmetry. SN 1993J expands according to models of shock excited emis-
sion. The angular expansion has a changing deceleration rate and is best modeled
with two different slopes. The swept-up mass estimate at an age of 3159 days (∼0.4
M�), comparable to the low-mass envelope, favors a binary scenario. The observed
spectral index of SN 1993J has slowly flattened since age 1000 days onward (α has
changed from -1 to -0.67 at an age of 2820 days).

1 Introduction

SN 1993J is the radio supernova whose evolution has been monitored in
greatest detail. It exploded on March 28th, 1993 and its radio emission was
discovered a few days later (April 2 [22]; April 5 [15]). Its brightness and
proximity has permitted unprecedented VLBI studies since the explosion.

It was first detected with VLBI on 25 April 1993. The observations were
performed at 8.4 GHz on the baseline between the Madrid DSN antenna
DSS63 and Westford, with a fringe spacing of 1.4 milliarcseconds ([8, 9]; on
the second IAU Circular, the position of the supernova was established with
a precision better than 10 mas).

1.1 Early Radio Size Estimates of SN 1993J

Marcaide et al. [10] provided estimates for the angular size of SN 1993J 29 and
36 days after explosion (0.28± 0.06 mas on May 1, 1993), using an optically
thick uniform disk model to analyze their data.

Bartel et al. [1] made a series of VLBI observations at 8.4 and 22 GHz,
from one to three months after the supernova explosion, and found that the
supernova was circularly symmetric and its expansion showed no signs of de-
celeration. Using uniform disk models, they determined an expansion velocity
of 2.98±0.08 µas/day, which they found consistent with the maximum op-
tical line velocities (18,000±1,000 km/s) [21], thus indicating that the radio
emission arose from the shock front resulting from the interaction between
the SN-ejecta and the circumstellar medium.



14 A. Alberdi and J.M. Marcaide

1.2 Discovery of the Shell-like Radio Structure

Marcaide et al. [11], at a supernova age of 239 days, showed that SN 1993J had
a shell-like radio structure, the youngest ever discovered in a supernova. As
seen in the Plate 1 (Fig. a), the radio shell was almost circularly symmetric,
suggesting for the supernova explosion and the expanding radio shell a nearly
spherical symmetry. The brightness distribution around the shell was quite
uniform with enhanced emission in the south eastern part of the ring. Our
estimate for the radio shell radius for 22 November 1993 (age 239 days)
was 581±35 µas and yielded, assuming a zero-size at explosion, an average
expansion rate for the shell radius of 2.43±0.15 µas/day, lower than the
value previously estimated by Bartel et al. [1]. We determined a ratio of shell
thickness to outer radius of 0.3±0.1.

The discovery of the shell structure was in agreement with the “Standard
Interaction Model” (SIM) [5, 6]. In this model, the radio emission is assumed
to be produced in a region of circumstellar gas (density profile ρcsm ∝ r−s;
s=2 corresponds to a steady wind) shocked by the outgoing ejecta (density
profile ρej ∝ r−n), thus giving rise to a “mini-shell” emission. For n>5, self-
similar solutions are possible: the radii of the discontinuity surface, forward
shock and reverse shock are related and all evolve in time with the power law
R∝ tm, where t is the time after explosion and the deceleration parameter,
m, is given by (n-3)/(n-s).

2 Expansion of SN 1993J: An Exploding Star in Motion

After the discovery of the shell-like radio structure, we initiated a VLBI
observing program to monitor the supernova expansion in a manner free
from modeling uncertainties. Our first results [12] provided the first movie of
the angular expansion of a radio supernova. The movie included observations
from day 182 to day 541 (see Plate 1, Fig. b). SN 1993J expanded with circular
symmetry and a self-similar evolution: at the radio frequency of 8.4 GHz, the
structure relative to the outer radius remained time invariant even though the
outer radius was expanding. Assuming a free expansion, we found an average
angular expansion rate of 2.39±0.03 µas/day. We also found that the region
of enhanced emission at the south-eastern part of the ring persisted with time
and that the region had the steepest spectral index (α ≤ −1.5, S ∝ να).

Further observations at 5 GHz over 1304 days showed that the expansion
was decelerating (m=0.86±0.02) [13]. Rupen et al. [19] found a similar re-
sult (m=0.837±0.025). All images had a circular shape, and the azimuthal
changes in the brightness distribution could be attributed to inhomogeneities
in the CSM (clumping in the wind), irregularities in the ejecta or changes
in the magnetic field. After 1304 days, the velocity of the shock front had
decreased to 9000 km/sec.
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3 Deceleration in the Expansion of SN 1993J

Two research groups, one led by N. Bartel and the other by J.M. Marcaide,
have monitored the angular expansion of SN 1993J for almost ten years [2,
3, 4, 12, 13]. The following conclusions can be drawn from their efforts:

3.1 Evolution of the Radio Shell

Along these years, the supernova has expanded rather isotropically (at least
as seen in a 2D sky projection) showing a circular shell-like structure (devia-
tions from circularity of the outer radius are smaller than 3%). However, the
brightness distribution has been systematically changing both with time and
azimuth around the source center. We show in the Plate 1 (Fig. c) two images
of SN 1993J obtained on 22 September 1999 (age 2369 days) and 7 November
2002 (age 3511 days). For comparison, both images are shown convolved with
a circular beam of 2 mas. In the first map, there is enhanced emission at the
south-eastern part of the ring and a gap at the north-western part, whereas
in the second the brightness distribution has become more complex with hot
spots formed within the shell, even at position angles where the emission was
very low in the first map (i.e. at the south-western part of the shell). Part of
these changes are due to artifacts of the image reconstruction process, but
part of them might be real. However, one should emphasize that, despite
those enhancements and hot spots, the shell emission is rather uniform.

One common characteristic for all epochs (published, and those shown
in the Plate still unpublished), is that the emission in the central part of
the shell is much lower than that corresponding to a spherical optically thin
shell with uniform emissivity. This indicates the existence of an important
absorption in the central part of the source [4, 14], likely due to intervening
ionized ejecta [7].

3.2 Determination of the Deceleration

In their published work, the group led by Marcaide has based their determi-
nations on measurements of the supernova size on the image plane. In this
case, the source size inferred from a map depends on how the map is pro-
duced. Because of the finite beam size, a positive bias is introduced in the
size estimate: the size measured is larger than the true size. The fractional
bias would systematically decrease for a source increasing in size if the same
beam were used for all observations. This would cause an spurious contribu-
tion to the deceleration. Such undesirable contribution can be largely avoided
by using a “dynamical beam,” that is, using each time a beam of size propor-
tional to the actual source size [13]. Considering all the observing epochs at
3.6 and 6cm (more than 25 observing epochs ranging from 72 to 3511 days),
and fitting a single parameter to the data, Marcaide et al. have obtained
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a deceleration parameter of m=0.87±0.01 (Supernova Radius R∝ tm; using
a convolving beam θb ∝ t1.0) and m=0.83±0.02 (using a convolving beam
θb ∝ t0.8).

Adding the results for 30≤ t ≤ 175 days as given by Bartel et al. [2] to
our data set, and using a dynamical beam that goes as θb ∝ t0.8, we have
reanalyzed our data through day 3511 allowing for a change of deceleration
rate in the expansion of SN1993J (implying two deceleration parameters),
that is, two straight lines and a time break in a log-log plot. We obtain the
best fit with the following parameters: m1 = 0.93±0.06, m2 = 0.82±0.01, and
tbr = 383± 121 days (see Fig. 1). This fit has a reduced χ2

ν=2.18. Analyzing
the same data set with only one deceleration parameter we obtain m =
0.83 ± 0.01, with a reduced χ2

ν=2.76. Though the latter result is compatible
with our earlier estimate [13], it has a slightly larger reduced χ2

ν than the fit
with two deceleration regimes. It should be noted though that including the
data from [2] affects very much the solution and that their data and ours have
been obtained in different ways. See also [14] for a completely new approach.
Their conclusions differ from those presented in this review.

The change in the angular growth rate of SN 1993J, if true, could be
due to: i) a change in the density profile of the CSM caused by a changing
mass loss rate of the progenitor and/or ii) a change in the density profile of
the supernova ejecta (since m = (n− 3)/(n− s) in the SIM). Combining the
deceleration rate determinations with the time dependence of the opacity due
to an external medium (τ ∝ tδ, with δ = −(2s−1)m, δ = −1.99+0.38

−0.16 [20]) and
assuming that δ has not changed with time, we found that for early epochs
in the expansion (t≤400 days) s=1.52 (density profile for the presupernova
wind) and n=22.7 (ejecta density profile), while for later epochs s=1.71 and
n=8.9. This result indicates that the density profile of the CSM has changed
with time, thus suggesting that the fast circumstellar wind was probably not
steady.

However, there is increasing evidence that, besides free-free absorption,
synchrotron self-absorption (SSA) is also relevant for SN 1993J [7, 16, 17]. In
fact, Fransson and Björnsson (1998) [7] can explain the light curves assuming
a standard s = 2 density profile for the presupernova wind. In this case, the
expansion deceleration could be associated with n (ejecta density profile)
changing from 14.9 to 7.6 from early to late times. The supernova emission
is becoming progressively more dominated by swept-up material, with the
evolution of the supernova governed by the interaction of the high energy
particles in the shell with the surrounding medium.

Assuming s=2 and typical values for the mass-loss rate and wind velocity
(Ṁ= 5 × 10−5 M� yr−1, vw= 10km/s), the swept-up mass after 3157 days,
∼ 0.4 M�, is comparable to the low-mass envelope, thus favoring a binary
scenario.

Bartel et al. [2, 4] have also imaged SN 1993J and measured the super-
nova size. Their results are based on model fitting of the two-dimensional
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Fig. 1. Weighted least squares fit to the outer shell radius of SN1993J as a function
of time since explosion, allowing for a change in its deceleration rate. The VLBI
data up to t ≤ tbr=403 days (where the solid and dashed lines in the figure cross
each other) can be well fitted by a power-law with index m1=0.93±0.06 (solid line),
while for t ≥ tbr the best fit is given by a power-law of index m2=0.82±0.01 (dashed
line). Note that the scale is logarithmic. Our data and data from Bartel et al. [2]
have been combined. The Bartel et al. data greatly affect the fit in the early days.
See also the text for details about the dynamical beam used.

projection of a three-dimensional spherical shell of uniform emissivity to
the calibrated uv-data set. They have also determined the supernova ex-
pansion, and have even claimed the detection of decreasing deceleration from
age 1900 days onward. They find three different slopes: m=0.919±0.019 (age
30-300 days), m=0.781±0.009 (age 582-1893 days) and m=0.860±0.011 (age
1893-3164 days). According to them, these changes indicate that the evo-
lution of SN 1993J is not self-similar, and are simultaneous with structural
changes, line velocity changes and changes in the light curve decline. This
time-dependent deceleration was predicted by Mioduszewski et al. [16], who
calculated the time evolution of the expansion parameter from hydrodynam-
ical simulations using an specific explosion model. In their interpretation, the
interaction of features in the ejecta density structure with the reverse shock
is relevant for the angular expansion.
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Fig. 2. Observed spectral index, α, of SN1993J from t ∼70 days up to t=2820 days,
as obtained from fitting at each epoch the available VLA data to a synchrotron
spectrum, partially suppressed by free-free absorption. After t ∼1000 days, the
spectrum is flattening. The data used for the fits come from K. Weiler (private
communication), except for the last data point which is from [18].

3.3 Determination of the Shell Width

The thickness of the shell has been found to be 30±10 % [11] (based on fits
on the images) and 25±3 % [4] (based on fits in the uv plane, taking into
account the central absorption) of its outer radius. See [14] in this proceedings
volume for a detailed account on this matter.

4 Spectral Evolution of SN 1993J

We have fitted the available radio continuum data of SN 1993J for the period
from ∼70 up to 2820 days after the explosion [18]. For all epochs, the spectra
follow a power-law within the errors. The fit shows that the observed spectral
index of SN 1993J has been slowly evolving since t∼1000 days onward, with
α flattening from a value close to -1 to a value of -0.67±0.02 on day 2820 (see
Fig. 2). A similar spectral evolution has also been reported by Bartel et al.
[3].

The spectral evolution might suggest that radiative losses (mainly syn-
chrotron), adiabatic cooling and ionization losses at the lowest frequen-
cies contribute significantly to the integrated electron spectrum. Prelimi-
nary results from our group confirm the ongoing SN 1993J spectrum evo-
lution, becoming progressively less steep (at least, up to age 3500 days where
α ∼ −0.55).
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For a power-law relativistic electron distribution, the spectral index of
the electron distribution (γ) is related to the observed spectral index by
γ = 1− 2α. Our value of α on day 2820, translates into γ=2.34±0.04, which
agrees well with the injected electron spectrum predicted by [7], γ=2.1, con-
sistent with diffusive shock acceleration. These authors propose that a con-
stant fraction of the shocked thermal electrons, characterized by a constant
spectral index α = −0.55, are injected and accelerated. At early stages, syn-
chrotron losses dominate the cooling of the electrons, steepening the inte-
grated electron spectrum up to a value of ∼-1. For epochs t≥ 1000 days,
radiative losses become less relevant and the observed spectral index flattens
progressively, getting closer to the spectral index associated with the injected
electron population, which seems consistent with the observational results.

Fransson and Björnsson [7] have modeled the SN 1993J light curves as-
suming a standard r−2 circumstellar medium and considering both free-free
absorption and synchrotron self-absorption (SSA) (the importance of SSA
was also discussed by other authors [17, 16]). They determine a magnetic
field of B∼ 64(Rs/1015cm)−1G, which argues strongly for a turbulent am-
plification behind the shock. Fransson and Björnsson also determine that
the number density of relativistic electrons scales as a fixed fraction of the
thermal energy density behind the shock.

5 Summary

SN 1993J is to date the radio supernova whose evolution has been monitored
in greatest detail and the one which holds best promise for a comprehensive
theoretical-observational analysis. SN 1993J has been imaged, and its angular
expansion monitored, for almost 10 years. The results obtained by the two
groups carrying out VLBI observations of SN1993J show a general agreement
and can be summed up and summarized as follows:

– The shell-like radio structure of SN 1993J has expanded according to
models of shock excited emission, showing almost circular symmetry, thus
suggesting that the shock front is expanding almost isotropically. The
brightness distribution changes with azimuth around the source center
and with time. No protrusions have been detected.

– The angular expansion may not be self-similar. The expansion may be
best modeled with two slopes.

– The swept-up mass estimate (0.4 M�at 3157 days), comparable to the
low-mass envelope, favors the binary scenario.

– A fit to the radio spectra of SN 1993J from ∼70 up to 2820 days shows a
clear, albeit slow, evolution with α changing from � −1 to � −0.67.

– Free-free absorption from the CSM and Synchrotron Self-Absorption are
relevant in SN 1993J.
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Summary. We present a selection of our VLBI images of SN 1993J, along with
our latest results on its expansion and its shell structure.

1 Introduction

Supernova 1993J is the most comprehensively monitored radio supernova to
date. Our extensive campaign of VLBI observations [1, 2, 3, 4], at 35 epochs,
at frequencies between 1.7 and 22 GHz, using up to 18 antennas in a global
array, has allowed us to make images from 30 d to 9 yr after the explosion
(see [5] for parallel observations). Our images are all phase-referenced to the
stationary core, M81∗core, of the nuclear source in the host galaxy, M81 [3],
which allows us to display them relative to the supernova’s explosion center.

2 Model Fitting

At every epoch, we fit a spherical shell model directly to the u-v data in
order to estimate the position of the geometrical center, the size, and for
later epochs, the shell thickness of SN 1993J. We determined the projected
motion of the center of SN 1993J relative to M81∗core to be < 480 km s−1,
which is much smaller than the expansion velocities of 17,200 km s−1 at
t = 30 d and 8900 km s−1 at t = 1600 d after shock breakout (1993 Mar. 28:
t = 0 d)[2]. SN 1993J is still very circular 9 years after the explosion, and its
expansion from the explosion center is isotropic to within 5.5% [3].

We show the expansion curve of SN 1993J in Fig. 1 (see [6] for parallel
results). The expansion is more complex than a simple power-law. From al-
most free expansion at t < 300 d, the deceleration grows until t ∼ 1600 d,
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Fig. 1. The expansion curve of SN 1993J derived from 34 epochs of VLBI obser-
vations at frequencies between 1.7 and 22 GHz. The angular outer radii, θo, are
derived from a spherical shell model fit directly to the u-v data. The inset shows
outer radii for the latest epochs in more detail. The solid and dotted lines are power-
law fits to the expansion, showing a change in the power-law index from 0.919 to
0.781 at t ∼ 600 d. A further change in the index is visible in the inset (see [2] for
more detail).

and then decreases again. For details and the interpretation of this behavior
we refer the reader to [2].

3 Images

We present a selection of our images of SN 1993J at 8.4 and 5.0 GHz in
Fig. 2 (see [1, 4] for more images). The shell structure first becomes visible
at t = 175 d. Already at this stage the brightness was modulated around
the ridge, with a distinct minimum to the west and a maximum to the east-
south-east. Over the next ∼ 300 d, this pattern appears to rotate, and by
t = 451 d the maximum is to the south and the minimum to the north.
The pattern of modulation then becomes more complex, with two hot spots
appearing to the east and west by t = 774 d, and a third in the south by
t = 1107 d. By the end of our observing period at t = 3345 d, the opening
in the north had become a hot spot and there were two further hot spots,
to the south-southeast, and the west-southwest. At that time, the radius of
SN 1993J was ∼ 12, 000 AU.
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With the increasing relative angular resolution we were able to determine
the shell thickness, again using model-fitting. The best fit model had a shell
thickness of 25±3% of the shell’s outer radius, and also had some absorption
in the center of the shell. Models without absorption result in a thinner shell
but also a poorer fit [4]. The best visual indication of the shell thickness is
given by a composite image, also shown in Fig. 2, made from our last three
8.4 GHz data sets scaled and combined (see [4] for details).
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Fig. 2. Selected 8.4 and 5.0 GHz radio images of SN 1993J. The contours are drawn
at 1, 2, 4, . . . , 32, 45, 64, and 90% of the peak brightness, but only if they are > 3×
the rms background noise. North is up and east is to the left. In each panel, the large
cross indicates the position of the explosion center, and the resolution (FWHM) is
indicated at lower left. The last 8.4 GHz image is at higher resolution (0.7 mas),
and is a composite image, made from the data at t = 2080, 2525 and 2787 d (1998
Dec. to 2000 Nov.), scaled in outer radius to 4.49 mas (i.e. t = 2787 d).
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L. Lara3,4, M.A. Pérez-Torres3, and K.W. Weiler5

1 Departamento de Astronomı́a, Universitat de València, 46100 Burjassot, Spain;
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Summary. An accurate measurement of the expansion deceleration of SN 1993J
depends on how well the shell size and its emission structure are known. With the
goal of determining the emission structure of the shell, we have developed a new
approach, which we call “Green Function Deconvolution” (GFD), based on iterative
use of Green functions on the sky plane to reconstruct the radial emission profiles of
spherically symmetric sources. This approach works reasonably well in the case of
optically thin emitting sources, which is not the case for SN 1993J since, as we find,
the emission from the central part of SN 1993J further away from us is strongly or
totally absorbed. We describe the GFD method and present our findings about the
emission structure of the shell. We also present the expansion of SN 1993J based
on a method complementary to GFD, which will be described elsewhere.

1 Introduction

The determination of the characteristics of expansion of SN 1993J require
accurate measurements of the true size of SN 1993J at each epoch. The images
of SN 1993J obtained over 10 years are all circularly symmetric to a great
extent and suggest an isotropic expansion. Actually, expansion decelerations
have been determined [2, 3, 6, 10]. However, although compatible with each
other, these determinations have been obtained differently. The group led
by Marcaide has made the size measurements directly on the radio images,
that is on the sky plane, while the group led by Bartel has made those size
measurements on the Fourier plane assuming a shell model for the source
with a given shell width and optically thin emission [4]. As shown by Alberdi
and Marcaide [1] (see their Fig. 4) and [4] systematic trends in the expansion
measurements are present.

In principle, the determination of the size of the radio supernova SN 1993J
depends on the shell model used and there are no a priori reasons to assume
a particular shell model. In practice, the determination of the external radius
of the radio supernova is easier than the determination of the shell model,
but the former determination is contaminated by lack of determination of
the latter. The best approach would be to determine both accurately and
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Fig. 1. (Left) A schematic of an arbitrary radial emission profile, indicating that
it consists of a sum of very narrow profiles (dashed), which in turn correspond to
the emission of very narrow 3D spherical shells; (Right) Schematic of the azimuthal
average of the 2D brightness distribution generated by the emission of the 3D-shell
corresponding to the radial profile given at left. It corresponds to the sum of Green
Functions of very narrow profiles (dashed line, Gσ(r, α), see text) which add up to
the given emission profile.

simultaneously. We have developed a tool for such purpose. The method,
presented in this contribution, should be a good tool for cases of circular
structures resulting from optically thin emission and in conditions of high
signal to noise.

2 GFD Method

Let us consider the brightness distribution Iα,σ(r, θ) due to a very (infinites-
imally) thin spherical shell of radius α with uniform volume emissivity, once
convolved by a beam of size σ. Let us indicate schematically such emission by
a dotted profile on Fig. 1 (left). The azimuthally averaged emission Iα,σ(r)
can thus be analytically expressed as:

Gσ(r, α) = exp (
−r2

2σ2
)
∫ α

ρ=0

ρdρ
α

(α2 − ρ2)
1
2

exp (
−ρ2

2σ2
)BesselI(0,

rρ

σ2
)

where BesselI(0, x) is the zeroth order modified Bessel Function of the First
Kind. The above expression is thus a Green Function Gσ(r, α) which takes
us from the emission profile on Fig. 1 (left) to the azimuthal average of the
corresponding brightness distribution given on Fig. 1 (right).

The brightness distribution due to any optically thin shell of finite width
will thus be a linear sum of the brightness distributions from a large number
of very thin shells as indicated by the profile on Fig. 1 (left). In other words, as
shown in Fig. 1 (right), the emission Ishell,σ(r) from a finite width shell will be
a weighted sum of elementary contributions Iα,σ(r), that is, a weighted sum
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of Green functions Gσ(r, α), where the weights can be chosen to reproduce
any emission profile by the appropriate S(α) in the expression

Ishell,σ(r) =
∫ α2

α1

S(α)Gσ(r, α)dα

Let us now consider a map of a radio source of circular symmetry (re-
constructed with a beam of size σ) described by the brightness distribution
Bσ(x, y) in Cartesian coordinates, or equivalently, Bσ(r,Θ) in polar coordi-
nates. The azimuthal average of Bσ(r,Θ) yields Bσ(r), which is equivalent
to Iσ(r) conceptually but is degraded with respect to it by radio noise, data
calibration errors, image reconstruction errors, etc, say in a VLBI observa-
tion.

The basic idea of GFD is that Bσ(r) can be “deconvolved” using functions
of the type Gσ(r, α) to obtain an emission profile of the type of S(α).

3 GFD on Test Maps

We have generated a noiseless map which corresponds to the emission of
an optically thin spherical shell of finite width (30% of outer radius) and
we have made the azimuthal average of the map. The resulting intensity
profile and the schematic of the shell emission profile (flat profile within the
shell boundaries) is shown in Fig. 2 as the continuous line and light-shaded
profile, respectively. Also in Fig. 2 the shell emission profile recovered after
a GFD and the residuals are shown as a dark-shaded profile and a dashed
line, respectively. As it can be seen, the GFD recovers the original emission
profile rather well.

In order to further test the goodness of the GFD method we have gener-
ated the same model as in Fig. 2 but now we have added noise to the synthetic
data. The added amount of noise (corresponding to random Gaussian errors
of 10% in amplitude and 10 degrees in phase) simulates realistic observa-
tional conditions in VLBI. The resulting intensity profile, GF-deconvolved
emission profile, and intensity residuals after GFD are shown in Fig. 3. The
reconstruction of the shell profile is not as reliable as before now that noise
and calibration errors are present. The level of emission appears enhanced in
the inner part, the outer profile appears depleted, and the width of the shell
appears much narrower. It is not a satisfactory reconstruction. The difficul-
ties of the method have to do with the asymmetry of the Green Functions of
the very narrow shells which are used as basic elements in the deconvolution.
This asymmetry causes biases and some of them can be accounted for in a
proper deconvolution strategy.

However, we have also found that in deconvolutions of real maps (see
below in Sect. 4 and Fig. 5) we always obtain large negative residuals at the
source center region which indicate that our maps contain less emission at
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Fig. 2. Intensity profile (continuous line) corresponding to an azimuthal average
of the brightness distribution due to a shell of flat radial emission profile (light-
shaded) and finite width (30% of outer radius) and reconstructed emission profile
(dark-shaded) using GFD. No noise has been added to the synthetic data which
produce the brightness distribution. The residuals of the GFD (dashed line) are
almost zero, as expected. The beam sizes used also correspond to 30% of the outer
radius.

Fig. 3. Same as Fig. 2, but with realistic random noise and calibration errors.
Notice the outward shift of the inner part of the reconstructed profile and the bias
towards overestimating the emission in the inner region and underestimating it in
the outer region.

the source center than expected for spherical shells of optically thin emission.
Notice that, as said in Sect. 1, the Green Functions used in our GFD assume
optically thin emission for the spherical shell. In order to further understand
the implications of such central absorption (i.e. missing central emission at the
source center with respect to what is expected for spherical shells of optically
thin emission), and aware of the present limitation of our GFD method, we
introduced central absorption in our synthesized noisy maps. Fig. 4 shows
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Fig. 4. Same as Fig. 3 but with a central absorber. The schematic of the central
absorption indicates a complete blockage of the emission from the rear side of
the shell for the extent of the drawing. In this case, the reconstructed profile is
further biased towards larger radii and the reconstructed shell appears narrower
than without the central absorber.

a schematic of the shell emission and the central absorption, the generated
intensity profile and the deconvolved emission profile. The schematic of the
central absorption in Fig. 4 indicates a complete blockage of the emission
from the rear side of the shell for the extent of the drawing. The residuals
are small everywhere, as before, but in the central region. These large central
region residuals indicate the presence of the central absorption, as indeed we
know is the case in this simulation. As it can be seen in Fig. 4, the recovered
emission profile is not, under these conditions, a reliable representation of the
shell profile. It bears resemblance to the shape of the profile recovered for the
case without central absorption but the width of the profile is even narrower.

4 GFD of Real Maps

In Fig. 5 we use real data of SN 1993J from day 541. Without knowledge of
the tests conducted and presented in the previous section one would not know
how reliable this reconstruction is and how the true emission profile of the
SN 1993J might be. However, the similarity of Figs. 4 and 5 is remarkable.
From this similarity one is led to infer with caution that the emission profile of
SN 1993J is probably that of a shell of width about 30% of size of the outer
radius or somewhat less, since the deconvolved emission in Fig. 5 appears
somewhat narrower than that in Fig. 4. Such a conclusion is in accord with
previous experimental estimates but it does not help much to clarify further
the situation. With respect to using the GFD method to determine the size
of the radio supernova SN 1993J accurately, the prospects are not as good
as expected but the application of the GFD method in SN 1993J reveals the
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Fig. 5. Radial emission profile obtained from data of SN 1993J from day 541 after
explosion. Notice its similarity to the profile reconstructed in Fig. 4.

presence of a strong absorption of emission at the source center with respect
to what is expected for an optically thin spherically symmetric source.

5 Other Radio Sources

We have also applied the GFD to VLBI maps of 43.31+592 in M 82 (maps
courtesy of A. Pedlar) and we have obtained size estimates for 43.31+592
very similar to those estimated with a different method [8, 9]. For 43.31+592
the GFD method seems to work better than for SN 1993J, perhaps because
there is no central absorption. Another interesting case is SN 1987A where
the specific geometry is known. The analytic expression for Gσ(r, α) in this
case would be a different one to that given in Section 1 since it corresponds
to a planar and tilted emitter but, once determined, the GFD should work
reasonably well unless absorption intervenes again.

6 Expansion of SN 1993J

Having found that the GFD method is not as well-suited as we had ex-
pected for determining the outer radius of SN 1993J accurately, we have
developed other methods to determine the source size and shell width, aban-
doning hope of determining the profile of the emission within the shell. Of
the new methods, which cannot be presented here, the best is one which we
call the Common-Point Method [7] and which yields outer radius estimates
accurate within 2% for cases when the shell size relative to the source size is
not very different between observations (actually, changes in shell size map
into changes in measured outer radius scaled down by a factor of 4). Combin-
ing these methods we have been able to produce a reliable expansion graph
with data at 6 cm which is presented in Fig. 6.
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Fig. 6. Expansion of SN 1993J at 6 cm, determined with the Common-Point
Method [7]. R ∝ tm, where R, t, and m are outer radius, age, and deceleration
parameter, respectively.

7 Conclusions

A new method designed to determine the emission structure of a radio super-
nova works well for noiseless synthesized maps but does not work as well for
noisy maps and for real maps. However, the method has been used to deter-
mine reliably the absorption in the central region of SN 1993J with respect
to emission expected from an optically thin spherical shell. This absorption
manifests itself as large systematic residuals in the GFD procedure. This re-
sult, also reported by [4], is not due to any shape in the emission profile of
the shell as pointed out earlier [3], but rather to absorption of the emitting
sphere further away from us, the radiation of which is likely absorbed by
the intervening ionized ejecta as pointed out by [5]. The GFD method, used
with maps obtained from our observations and with simulated maps, gives
support to emission from a shell, the width of which appears to be somewhat
less than 30% of the outer radius of SN 1993J. The GFD method might work
reasonably well in cases like SN 1987A whose geometry is known and the
maps might soon have very high dynamic range.
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Summary. We review the existing set of optical/UV/IR observations of Super-
nova 1993J, concentrating heavily on optical data because these are by far the
most plentiful. Some results from theoretical modeling of the observations are also
discussed. SN 1993J has provided the best observational evidence for the transfor-
mation of a SN from one spectral type to another, thereby providing a link between
Type II and Type Ib supernovae (SNe). This has strengthened the argument that
SNe Ib (and, by extension, SNe Ic) are core-collapse events. SN 1993J has remained
relatively bright for 10 years; its late-time emission comes from the collision of su-
pernova ejecta with circumstellar gas that was released by the progenitor prior to
the explosion. The circumstellar material shows strong evidence of CNO processing.

1 Introduction

Supernova (SN) 1993J was visually discovered in the nearby galaxy M81
(NGC 3031; d = 3.6 Mpc; [25]) by Francisco Garćıa on 1993 March 28.906 UT
[54]. Ten years later, we still vividly remember our excitement after receiving
by fax a rough finding chart from the discoverers, via the AAVSO. Ever since
SN 1987A, those of us in the northern hemisphere had been eagerly waiting
for a supernova in M31, or (more likely) in a somewhat more distant galaxy.
What a golden opportunity! Unfortunately, our own robotic SN search, at
that time being conducted with a 0.76-m telescope at Leuschner Observatory,
missed discovery of SN 1993J because its field of view was somewhat too small
to include the position of the supernova when centered on the galaxy nucleus,
and because of bad weather [18]. It was a pleasure for both of us to finally
meet Mr. Garćıa, at this conference.

SN 1993J reached V = 10.8 mag (e.g., [52]), becoming the brightest SN
in the northern hemisphere since SN 1954A (mpg = 9.95; [2, 71]). In terms of
observational coverage, both in temporal consistency (almost nightly obser-
vations at early times) and in the details of individual observations (including
observations with signal-to-noise ratios, spectral resolutions, and wavelength
regions not typically found in studies of supernovae), SN 1993J is surpassed
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only by SN 1987A. Early spectra showed an almost featureless blue contin-
uum, possibly with broad, but weak, Hα and He I λ5876 lines. This led to a
Type II classification [21, 26] (see [23] for a general discussion of SN types).
Wheeler & Filippenko [70] present a thorough review of the early work on
SN 1993J.

Both the spectra and the light curves of SN 1993J quickly began to indi-
cate that this was not a typical Type II SN. Indeed, the initially unusual light
curves and the appearance of He I lines in the spectra were interpreted as
evidence that SN 1993J was similar to a SN Ib, with a low-mass outer layer
of hydrogen that gave the early impression of a SN II (see discussion and
references below). Following [72], it was described as a “Type IIb” SN. This
transformation from SN II to nearly SN Ib indicates a common mechanism
(core collapse) for these two observationally defined subclasses. SN 1993J is
thus one of the most significant SNe ever studied, not only for its role in
linking Types II and Ib (and possibly Ic), but also because it was observed
with such great detail.

Here we review observations of SN 1993J at optical, ultraviolet (UV),
and infrared (IR) wavelengths, concentrating on optical because of the vast
amount of data obtained in this wavelength range. Because of time and space
constraints, we exclude light echoes and interstellar absorption lines, which
have been used to probe the interstellar medium near SN 1993J. A recent
optical spectrum of SN 1993J, obtained with the Keck-I 10 m telescope 9
years and 11 months after the explosion, is shown in Fig. 1. This is very close
to 10 years, so we shall dub this the official “Valencia spectrum of SN 1993J.”

2 Photometry of SN 1993J

The evolution of the light curve of SN 1993J did not follow either of the two
typical paths for SNe II. SN 1993J did not remain at a relatively constant
brightness after a slight decline from maximum, as a normal Type II plateau
SN would, nor did the brightness decline in the pattern of a Type II linear
SN. (For representatives of these Type II light curves, see, for example, [13].)
Instead, SN 1993J rose quickly, then rapidly declined for ∼1 week, only to
brighten a second time over the next two weeks. This led to another rapid
decrease in brightness for ∼3 weeks, followed by an approximately exponential
decline. For a complete discussion of the photometry of SN 1993J, see [3, 7,
14, 35, 46, 49, 52, 53, 56, 64, 69].

The unusual initial behavior of the light curve rapidly led many SN mod-
elers to conclude that SN 1993J was the result of a core-collapse explosion
in a progenitor that had lost a significant fraction of its hydrogen envelope,
leaving only ∼0.1–0.5 M� of hydrogen. The original envelope could have
been lost through winds [29] from a fairly massive star (25–30 M�). Another
possibility explored by [28] (see also, [43]) is that SN 1993J was the result of
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SN 1993J on Feb 27, 2003 (UT)
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Fig. 1. Keck-I LRIS [45] spectrum of SN 1993J, obtained by A. V. Filippenko and
R. Chornock nearly 10 years after the outburst. The absolute flux scale is only
approximate, but relative fluxes should be accurate. Plausible line identifications
are labeled. AB mag = −2.5 log fν − 48.6, on the ordinate scale. (Also known as
the “Valencia spectrum of SN 1993J.”)

the explosion of an asymptotic giant branch star having main-sequence mass
Mms ≈ 7–10 M�, with a helium-rich envelope.

A more likely solution is that the progenitor of SN 1993J was a member
of a binary system and the companion had stripped away a considerable
amount of hydrogen. The progenitor was observed during prior studies of
M81. Aldering, Humphreys, & Richmond [1] analyzed several sets of pre-
existing images and deduced that the photometry was inconsistent with a
single star at the position of SN 1993J. They found that the best fit for the
progenitor itself was a K0 I star with Mbol ≈ −7.8 mag and V − R ≈ 0.7
mag. Cohen, Darling, & Porter [12] derived a similar color from a five-month
series of images of M81 from 1984; there was no apparent variability.

Using the scenario of a star that had been stripped of most of its hydrogen
envelope, Nomoto et al. [43] and Shigeyama et al. [55] found a best fit to the
light curve from their model of a 4M� helium core, although a range of 3–
6 M� for the core is reasonable. The main-sequence mass of the star would
have been 15 M�, while the residual hydrogen envelope is less than ∼ 0.9M�.
Starting with a star of initial mass of 13–16 M�, Woosley et al. [73] could
reproduce the light curve from the explosion of a remaining helium core with
mass 4.0±0.5M� and hydrogen envelope with mass 0.20±0.05M�. A similar
model by Podsiadlowski et al. [48] had 0.2M� of hydrogen remaining on a
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star of initial mass Mi ≈ 15M�. Ray, Singh, & Sutaria [51] also invoked
a binary system for SN 1993J with a residual hydrogen envelope mass of
0.2M�. Utrobin [62] used an envelope mass of 0.1M� remaining on a 3M�
helium core from an initial mass of 12M�. Bartunov et al. [6] achieved a
good fit to the light curve with a helium core mass of 3.5 M�, but a larger
hydrogen envelope (Menv ≈ 0.9M�). Later studies continued to conclude
that a low-mass envelope of hydrogen on a helium core was the most likely
scenario for the progenitor [63, 74]. Intercomparison of two methods also
indicated that the results were robust [8]. Houck & Fransson [32] used a
non-local thermodynamic equilibrium (NLTE) synthetic spectrum code to fit
nebular spectra and found that the Nomoto et al. [43] models could explain
the late-time spectra. They found a best fit with a 3.2 M� helium core with
a 0.2–0.4 M� hydrogen envelope. Patat, Chugai, & Mazzali [47] also used
the late-time spectra, specifically the Hα line, to derive an ionized hydrogen
mass of 0.05–0.2 M�; this is a lower limit to the envelope mass.

3 Spectroscopy of SN 1993J

Woosley et al. [72] had already considered the above possibility for core-
collapse SNe, giving them a new name: SNe IIb. The low-mass outer layer of
hydrogen would give the initial appearance of a SN II, but the spectrum would
slowly change to one more similar to that of a SN Ib, dominated by helium
lines with the hydrogen either appearing weakly or completely gone. Indeed,
Nomoto et al. [43] predicted that the spectrum of SN 1993J would show this
behavior. This was first confirmed by [19], followed rapidly by [56] and [58].
Studies of the early optical spectra include those of [20, 27, 42, 44, 49, 59, 69].

Jeffery et al. [34] present an early UV spectrum of SN 1993J taken with
the Hubble Space Telescope (HST) on 1993 April 15 UT. The other core-
collapse SNe that had been observed in the UV to that point were compared
with SN 1993J, and there were striking differences. SN 1993J had a relatively
smooth UV spectrum and was more similar to SN 1979C and SN 1980K,
both of which are radio sources and thus likely to have thick circumstellar
envelopes (e.g., [68]). The UV spectra of SN 1987A, in contrast, showed broad
absorption features. The illumination from circumstellar interaction may re-
duce the relative strengths of line features compared to the continuum and
thus produce the featureless UV spectra of SNe 1979C, 1980K, and 1993J [9].

SN 1993J then evolved fairly rapidly into the nebular phase. The nebular-
phase spectra were similar to those of a typical SN Ib, but the hydrogen
lines never faded completely. In fact, Hα began to dominate the spectrum
at late times, certainly the result of circumstellar interaction. There were
several other papers that considered the nebular-phase spectra (and some
relatively late-time spectra). Filippenko, Matheson, & Barth [22] show the
transition to the nebular phase with spectra from Lick Observatory. Lewis
et al. [35] present the complete La Palma archive covering days 2 through
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125. Li et al. [37] discuss the nebular-phase spectra observed from the Beijing
Astronomical Observatory. Barbon et al. [3] show the first year of observations
from Asiago; the transformation of the SN from Type II to IIb is evident, as
is the return of Hα at late times (by ∼ 200 days). A longer baseline (∼ 500
days) for the spectra is found in the work of Finn et al. [24].

There were optical spectropolarimetric observations of SN 1993J. Tram-
mell, Hines, & Wheeler [60] found a continuum polarization of P = 1.6% ±
0.1% on day 24 (assuming 1993 March 27.5 UT as the explosion date). Tram-
mell et al. [60], as well as later considerations of the same data [30, 31], argued
that this polarization implied an overall asymmetry, but the source of this
asymmetry was undetermined. The presence of SN 1993J in a binary system
was implicated as a potential source for the asymmetry. With more epochs
of observation, [61] also found a polarization in the continuum of ∼ 1%,
but a different level for the interstellar polarization. Nevertheless, they also
concluded that SN 1993J was asymmetric. It is interesting to note that a
subsequent SN IIb, SN 1996cb, showed substantially similar polarization of
its spectra [67].

The analysis of individual aspects of the spectra has yielded some inter-
esting results. Both Wang & Hu [66] and Spyromilio [57] found evidence for
clumpy ejecta with blue shifted emission lines. Houck & Fransson [32] argue
that the lines are not actually blue shifted, but that contamination from other
lines appears to shift them. Nonetheless, the lines do show substructure that
indicates clumpy ejecta.

Models of the early spectra could reproduce their overall spectral shape,
but the line strengths were problematic. Baron et al. [4] found a photospheric
temperature of ∼8000 K for day 10, but the predicted hydrogen and helium
lines were too weak, possibly indicating unusual abundances or non-thermal
effects. A later analysis including the HST UV spectrum was fit well by
including enhanced helium abundance and NLTE effects [5]. Jeffery et al. [34]
also had difficulties fitting line strengths for transitions that are susceptible
to NLTE effects. Clocchiatti et al. [11] studied the early spectra to follow
the evolution of color temperature and to calculate a distance to M81 (∼
3.5 Mpc) using the expanding photosphere method (e.g., [15]. The NLTE
treatment of calcium is explored by [75], who found a best fit with a reduced
calcium abundance.

4 Recent Studies of SN 1993J

Most of the above papers were published before year 2000, but in this section
we discuss several more recent studies.

Matheson et al. [39] present a series of 42 Lick and Keck low-resolution
optical spectra of SN 1993J from day 3 after explosion to day 2454, as well
as one Keck high-dispersion spectrum from day 383. The spectra are studied
in detail by [40]. Spectra during the nebular phase, but within the first two
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years after explosion, exhibit small-scale structure in the emission lines of
some species, notably oxygen and magnesium, showing that the ejecta of SN
1993J are clumpy. On the other hand, a lack of structure in emission lines of
calcium implies that the source of calcium emission is uniformly distributed
throughout the ejecta. These results are interpreted as evidence that oxy-
gen emission originates in clumpy, newly synthesized material, while calcium
emission arises from material pre-existing in the atmosphere of the progen-
itor [36, 37]. Spectra spanning the range 433–2454 days after the explosion
show box-like profiles for the emission lines, clearly indicating circumstellar
interaction in a roughly spherical shell. This is interpreted within the Cheva-
lier & Fransson [10] model for SNe interacting with mass lost during prior
stellar winds. At very late times, the emission lines have a two-horned profile,
implying the formation of a somewhat flattened or disk-like structure that is
a significant source of emission.

Matthews et al. [41] conducted IR photometry (windows in the interval
1.25–3.7 µm) and IR spectroscopy (windows in the interval 1.2–2.4 µm) of
SN 1993J at early times, through about day 250. As in the case of the optical
bands, the IR brightness rose to a secondary maximum and then dropped
exponentially. However, the L′ (3.7 µm) light curve exhibited an excess, be-
ginning at day 130, which Matthews et al. [41] interpret as thermal emission
from dust, as in the SNe II 1987A and 1998S. At early times, during the
rise to the secondary maximum, the spectral energy distribution (SED) of
SN 1993J could be fitted with black bodies, but such fits were too broad for
the observed SEDs during the exponential decline. Though initially feature-
less, the IR spectra subsequently (during the exponential decline) became
dominated by H, He, and probably Fe line emission.

The HST SINS collaboration (Supernova INtensive Study) obtained a
series of UV spectra of SN 1993J over the course of about 7 years (Fransson
et al. in preparation). It is quite clear that at late times, the emission is
almost entirely coming from the shock interaction between the ejecta and
circumstellar gas. The model fit to the observed spectrum is quite good, and
its total luminosity is fixed by the observed X-ray emission from the shock
– it is not a free parameter. Moreover, the detailed line profiles show that
the emission is coming from a finite shell rather than a centrally peaked
distribution of gas. There are strong, broad emission lines of N II], N III],
and N IV], but only weak lines of C III] and C IV — characteristic of CNO
processing. Indeed, a model spectrum having C:N = 1:13 by number in the
circumstellar gas (with which the ejecta collide) gives a relatively good fit to
the observations. CNO abundance ratios have previously been measured for
a number of SNe II, with similar (but perhaps less extreme) results.

From HST images with 0.′′05 resolution, Van Dyk et al. [65] identify four
stars brighter than V = 25 mag within 2.′′5 of SN 1993J that contaminated
previous ground-based brightness estimates for the supernova progenitor.
Correcting for the contamination, they find that the energy distribution of
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the progenitor is consistent with that of an early K-type supergiant star with
MV ≈ −7.0± 0.4 mag and an initial mass of 13–22 M�. The brightnesses of
the nearby stars are sufficient to account for the excess blue light seen from
the ground in pre-explosion observations [1]. Therefore, the SN 1993J pro-
genitor did not necessarily have a blue companion, although by 2001, fainter
blue stars are seen in close proximity to the supernova. These observations do
not strongly limit the mass of a hypothetical companion. A blue dwarf star
with a mass up to 30 M� could have been orbiting the progenitor without
being detected in the ground-based images.

Explosion models and observations show that the SN 1993J progenitor
had a helium-rich envelope. To test whether the helium abundance could
influence the energy distribution of the progenitor, Van Dyk et al. [65] calcu-
lated model supergiant atmospheres with a range of plausible helium abun-
dances. The models show that the pre-supernova colors are not strongly af-
fected by the helium abundance longward of 4000 Å, and abundances ranging
between solar and 90% helium (by number) are all consistent with the obser-
vations.

Recent optical spectra of SN 1993J (e.g., Fig. 1) show that the optical
continuum is still very bright (B ≈ V ≈ 21 mag), certainly from the cir-
cumstellar interaction. Van Dyk et al. [65] suggest that the putative, blue
companion star has B > 23 mag and U > 22 mag, so perhaps the most likely
spectral region in which it might be observed is in the U band, where the
actual observed continuum has U ≈ 22 mag (Figure 1). At this conference,
Stephen Smartt and collaborators reported the possible detection of hydrogen
Balmer lines from the putative companion. Given the complexity of the SN
spectrum (blends of emission lines, uncertain continuum level), however, this
must be verified with future observations; most or all of the claimed Balmer
lines may have other explanations. It is also not clear whether the Balmer
lines, if real, come from a physical companion star or from an unrelated star
along the same line of sight; the HST images shown by Van Dyk et al. [65]
reveal several possible contaminants.

5 Final Remarks

Although SN 1993J has provided the best observational evidence for the
transformation of a SN from one type to another, there have been other
examples. The early spectra of SN 1987K showed hydrogen lines, but the
late-time spectra more closely resembled those of SNe Ib [16]. The transition
itself was not observed, occurring while SN 1987K was in conjunction with the
Sun. SN 1996cb underwent a very similar metamorphosis from SN II to SN Ib;
Qiu et al. [50] present a complete spectroscopic record of the transformation.
A number of other examples of genuine SNe IIb have been found in recent
years. In addition, there were some suggestions of hydrogen in spectra of
the Type Ic SN 1987M [17, 33] and the SN Ic 1991A (and perhaps SN Ic
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1990aa [17]). SN 1993J is clearly a significant object in the study of SNe. By
providing a link between SNe II and SNe Ib, it has strengthened the argument
that SNe Ib (and, by extension, SNe Ic) are also core-collapse events.
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Summary. We present calculations of the radio images and light curves from su-
pernovae, based on high-resolution numerical simulations of the hydrodynamics and
radiation transfer in a spherically symmetric medium. As a specific example we
model the emission from SN1993J. This supernova does not appear to be expand-
ing in a self-similar fashion, and cannot be adequately fitted with the often-used
analytic mini-shell model. We present a good fit to the radio evolution at a single
frequency. Both free-free absorption and synchrotron self-absorption are needed to
fit the light curve at early times, and a circumstellar density profile of ρ ∼ r−1.7

provides the best fit to the later data. Comparisons of VLBI images of SN1993J
with synthetic model images suggest that internal free-free absorption completely
obscures emission at 8.4 GHz passing through the center of the supernova for the
first few tens of years after explosion.

1 Introduction

Radio Supernova (RSN) light curves are characterized by an initial rapid
increase of radio flux to maximum, followed by a power-law decrease with
time. High brightness temperature indicates a non-thermal origin for the
emission, and it is now accepted that the emission is synchrotron in origin, due
to the spiraling of relativistic electrons in a magnetic field. The wavelength-
dependent turn-on suggests that the initial rise in the light curve is due to
decreasing absorption as the shock expands in an optically thick medium.

In the past, the computation of SN radio light curves has been accom-
plished mainly via semi-empirical methods, primarily the mini-shell model
developed by Chevalier [3] and extended by Weiler et al. [9]. These empiri-
cal methods assume a self-similar evolution for the SN shock front, with the
shock radius expanding as a power law in time rs ∝ tm, where m is a constant
[3]. The energy distribution of the relativistic electrons is assumed to be a
power law of constant spectral index, and the energy density of the relativis-
tic electrons and that of the magnetic field are assumed to each be a constant
fraction of the thermal energy density behind the expanding supernova shock.
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In this article we outline a more robust and general technique for comput-
ing the radio light curves of young SNe. Details of our method are outlined
in Mioduszewski et al. [5]. Herein we briefly describe the technique and the
major results for the well-studied SN 1993J, as well as update the results
with comparisons to more recent data.

2 Methods and Techniques

– We start with a computation of the hydrodynamic evolution of the
SN remnant, calculated using VH-1, a 3-dimensional, finite-difference,
high resolution, shock-capturing code based on the Piecewise Parabolic
Method. This step immediately distinguishes our method from the mini-
shell model, since we do not need to assume a self-similar expansion for the
SN shock. Our technique is applied to SN 1993J, where the observations
indicate that the expansion is not self-similar.

– The light curves are produced by calculating the transfer of radiation
along a line-of-sight through the SN.

– We assume that the injection of relativistic particles at the shock follows
a power-law, N(E) ∝ E−γ .

– We start with spherically symmetric simulations. These give pressure,
density and temperature at each grid point and every time step.

– The code takes the simulations and rotates them to form a 3D sphere
embedded in a Cartesian grid.

– The synchrotron emission and absorption is computed along each ray. If
N(E) = KE−γ , then emissivity j and opacity κ are given by

j ∼ K B(γ+1)/2 ν−(γ−1)/2.
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κ ∼ K B(γ+2)/2 ν−(γ+4)/2.

– In this work we assume that both magnetic energy density uB and rela-
tivistic particle energy density urel are proportional to the thermal energy
density.

uB = ξB uth, urel = ξrel uth

– We take into account the external free-free absorption, which depends on
the temperature and density profile of the ambient medium.

– The emissivity and absorption are used to calculate the optical depth
τ , and finally the intensity Iν(r). Integration is carried out using the
trapezoidal rule.

– The result is a 2D array of surface brightness, which is used to make an
image of the source and calculate the total flux.

3 SN1993J

As a first example we focus on SN 1993J - one of the brightest and best
studied SNe in the Northern Hemisphere. The radio flux evolution of SN
1993J has been followed in detail by Bartel et al. [1, 2] and Pérez-Torres et
al. [6, 7] using VLBI.

If shock radius Rs ∝ tm, then m is called expansion parameter. For power-
law models, m is constant with time. But for SN 1993J, m decreases with
time [1, 2]. Therefore the evolution is NOT self-similar, which perhaps implies
that power-law density ejecta are not a reasonable assumption. For the ejecta
structure we have therefore used Model 4H47 of Suzuki & Nomoto [8]. In this
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case the ejecta density shows considerably more structure than the commonly
used “power-law” models.

In order to fit the X-ray and optical light curves, Nomoto et al. find that
the CSM density profile must decrease more slowly than r−2, which would
be the case for a steady wind. Fransson and Bjornsson [4], however find that
an r−2 profile is adequate to fit the radio light curve. Therefore we have tried
3 CSM density profiles, with density decreasing as r−1.7, r−1.5 and r−2..

Free-free absorption (FFA) alone results in an exponential rise of the light
curve while synchrotron self absorption (SSA) alone results in a power-law
increase (Fig. 1a). In order to fit the light curve we find that both FFA and
SSA must be included, and that a CSM density profile of r−1.7 provides
the best fit to the observed light curve at 8.4 GHz (Fig. 1b). The data is
represented by dots in the figure.

As mentioned above, the expansion parameter m (where Rs ∝ tm) is
not constant for SN 1993J, implying a non-self-similar evolution. Fig. 2a
shows the evolution of the expansion parameter with time from our simulation
of the interaction of a SN with an ejecta density profile described by the
4H47 model evolving in a medium whose density varies with radius as r−1.7.
The dashed lines in the figure are error bars for the expansion parameter
measured by Bartel et al. [2]. Our simulations are broadly consistent with
these observations.

The model 4H47 exhibits local density maxima in the ejecta density pro-
file. Impact of the reverse shock with one of these local density maxima
results in a sudden increase in the expansion parameter around day 2300
(see Fig. 2a). Observations by Bartel et al. [2] show a similar rise in the ex-
pansion parameter (Fig. 2b), albeit somewhat earlier. It is possible that the
change in the observed deceleration is due to a change in the CSM density
or some other cause unrelated to the ejecta structure, but the coincidence is
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striking nevertheless. It is also possible that in a more realistic multidimen-
sional simulation any local density maxima would be unstable and would
quickly smooth out.

3.1 SN1993J Light Curves

Our technique is to fit the observed light curve at one fiducial frequency
8.4 GHz. The frequency dependence at all epochs is simply ν−α (where
α = 0.55 is the spectral index determined by this best fit model of the light
curve), and so the light curve at any other frequency has the same shape
as that at the fiducial frequency. The observed flux densities from SN1993J
and the corresponding model light curves are shown in Fig. 3. The different
frequencies indicated are: 22.5 GHz (filled boxes, dot-dashed line), 15.0 GHz
(open circles, dotted line), 8.4 GHz (filled circles, solid line), and 4.9 GHz
(open triangles, dashed line)

3.2 Internal Absorption

In the early stages, the internal free-absorption was found to be important
in order to match the surface brightness profile obtained from our simulated
images to that observed. Fig. 4a shows the azimuthally averaged profile of the
observed 8.4 GHz emission from SN 1993J on day 1349 (solid line with error
bars), compared to that obtained from our simulations, excluding (dashed
line) and including (dotted line) internal free-free absorption, convolved with
the same beam as the image. The improvement in the fit when the internal
free-free absorption is taken into account is readily apparent. Fig. 4b shows
the change in the light curve when the internal absorption is taken into
account. Our model suggests that the optical depth at 1 GHz does not fall to
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unity until around 150 years after the explosion. This suggests that a central
radio pulsar would be undetectable for many tens of years at frequencies
below 1 GHz, although multidimensional effects, especially instabilities, that
have not been included here may allow the radiation to escape somewhat
earlier. Further details can be obtained from Mioduszewski et al. [5].

Acknowledgement. VD is supported by the US. Department of Energy grant num-
ber B341495 to the ASCI Flash Center (U Chicago), and by Award # AST-0319261
from the National Science Foundation.

References

1. N. Bartel et al. : Science 287, 112 (2000)
2. N. Bartel et al. : Astrophys. J. 581, 404 (2002)
3. R.A. Chevalier: Astrophys. J. 258, 790 1982
4. C. Fransson, C.-I. Bjornsson: Astrophys. J. 509, 861 (1998)
5. A.J. Mioduszewski, V.V. Dwarkadas, L. Ball: Astrophys. J. 562, 869 (2001)
6. M.A. Perez-Torres, A. Alberdi, J.M. Marcaide: Astron. Astrophys. 394,

71 (2002)
7. M.A. Perez-Torres, A. Alberdi, J.M. Marcaide: Astron. Astrophys. 374,

997 (2001)
8. T. Suzuki, K. Nomoto: Astrophys. J. 455, 658 (1995)
9. K.W. Weiler, R.A. Sramek, N. Panagia: In: IAU Colloq. 145, Supernovae and

Supernova Remnants, ed. by R. McCray, Z. Wang (Cambridge: Cambridge
Univ. Press, 1996) p. 283
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Summary. In April 2001 SN1993J was observed with both the PN and MOS
cameras of the XMM-Newton observatory. A 2-component thermal emission model
assuming ionization equilibrium provides a good fit to the spectrum in the 0.3 to
11 keV energy band, but fits to shock models show also acceptable results. The
development of the X-ray temperatures over the first 8 years after the explosion is
discussed in the light of the standard SN model. The long term X-ray lightcurve
shows a general decline of the luminosity with Lx ∝ t−0.30.

1 Introduction

Results from spectral and lightcurve analysis as derived from X-ray observa-
tions – with special emphasis given to a recent XMM-Newton observation –
during the first 8 years of this SN are presented and discussed. Part of the
work has been done in collaboration with Bernd Aschenbach.

From the XMM-Newton observation in April 2001 we used for our analysis
data of about 70 ks from the EPIC PN camera, run in small window mode,
and of a similar amount from the MOS2 camera run in imaging mode.

2 XMM-Newton Spectral Results

Emission lines of highly ionized Mg, Si, S, Ar, Ca and the complex of the Fe
lines dominate the SN spectrum (Fig. 1) at higher energies.

Table 1 shows a compilation of spectral fits to the PN camera, the MOS2
camera, and to a combined spectrum. The differences between the PN and the
MOS2 spectra point to residual uncertainties in the spectral cross calibration.
Time dependencies observed with the MOS2 calibration and the superior
statistics of the PN spectrum with its 7515 counts compared to the 2593
counts in the MOS2 spectrum, let us use for the following spectral discussion
only the fitting parameters of the PN spectrum.

The best fit over the whole energy band between 0.3 up to about 11 keV
was achieved with a 2-temperature equilibrium model with variable abun-
dances, called vmekal in XSPEC. We have also tested different shock mod-
els and found that a Sedov model with variable abundances, called vsedov
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Fig. 1. XMM-Newton spectrum
as observed with the PN cam-
era and the best fit thermal 2-
component model with kT1=0.34
keV and kT2=6.54 keV. The
dashed curves show the low and
high temperature component.

Table 1. Selected best fit parameters of different spectral models. 2vmekal is a 2-
component thermal model with variable element abundances, 2vmekal1 is the same
model but with identical element abundances for the 2 temperature components,
and vsedov is a shock model with variable abundances.

instrument model kT1[keV ] kT2[keV ] NH1[1022cm−2] NH2 dof χ2
r

PN 2vmekal 0.34+0.05
−0.03 6.54+4

−4 0.55±0.21 0.33±1.80 360 0.90
PN 2vmekal1 0.35+0.04

−0.04 4.24+3.8
−1.8 0.45±0.13 0.18±0.75 371 0.94

PN vsedov 0.51+0.04
−0.04 7.0+0.2

−0.2 0.17±0.037 376 1.01
MOS2 2vmekal 0.59+0.03

−0.04 3.48+1.2
−1.2 0.25±0.25 0.0±0.54 113 1.25

PN+MOS2 2vmekal 0.33+0.46
−0.46 4.09+1.2

−1.2 0.59±0.25 0.2±0.8 505 0.99

in XSPEC, produces also acceptable chi-2 values, although all tested shock
models reproduce not so well the different line complexes visible in the spec-
tra.

Looking at the abundances of the low temperature component, in the fit
C, N, and Al are not required, Mg and O are under abundant compared to
solar, Fe is about solar, and the other elements show clear overabundances.

The high temperature component is determined almost solely by the line
complexes of highly ionized Ar, Ca, and Fe. The temperature of 6.5 ± 4keV
is poorly restricted, because every temperature change is immediately com-
pensated in the fit by changes in the abundances of these elements. Therefore
the element abundances have errors typically much larger than the param-
eter values themselves. All the elements above Ne, which is not required in
the fit, show a clear overabundance, with a moderate value only for the Fe
abundance.

3 Spectral Development

While the first ROSAT PSPC spectra ([7, 8] reanalyzed for this work [9]) as
well as the ASCA measurements [6] did only allow to set lower limits for the
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Fig. 2. X-ray determined emis-
sion temperatures. The dashed
lines outline the time evolution
of the low and high temperature
component using the standard
model. For each component there
are two lines bracketing the range
of the temperatures allowed by
the XMM-Newton data using the
2vmekal model.

temperature of a thermal model, the hard X-ray instrument OSSE on GRO
[4] could determine a temperature of approximately 80 keV at these times.
ROSAT and ASCA measurements half a year later revealed a strong decrease
from the initial high values to temperatures around 1 keV (Fig. 2).

In terms of the standard model proposed by Chevalier [2] it was assumed
that the observed emission initially came from the fast forward shock, while
emission from the reverse shock region was blocked by absorbing material
due to fast cooling processes in the denser environment of this region. For
the enormous temperature drop observed it was assumed that the initial
absorption disappeared on a time scale of order 100 days so that half a year
later the measured flux was dominated by the emission from the reverse shock
region.

In the similarity solution of the standard model [3] the ratio between
the temperatures in the forward and the reverse shock depend only on s,
characterizing the circumstellar density profile and n, describing the density
profile of the ejecta. Assuming that the two temperature components from
the XMM spectrum represent emission from the reverse and forward shock
regions and taking the circumstellar density profile s = 1.65 derived from the
ROSAT light curve (see Section 4), we obtain n = 8.9 for the density profile
of the ejecta. We can now enter n and s into the expression that describes
the temporal development of the temperatures and extrapolate the XMM
temperatures backward in time up to the ROSAT, ASCA and GRO results
(dashed lines in Fig. 2). Despite the fact that strictly speaking the prior
conditions to apply the similarity solution are no more fulfilled at these late
times, the temperature development is not too badly described. But we do
not think that this can be taken as final proof that we observe X-ray emission
from both a forward and a reverse shock region.
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Fig. 3. X-ray light curve show-
ing the development of the X-ray
luminosity in the 0.3-2.4 keV en-
ergy range. The dotted line indi-
cates a decline rate with t−0.30.
The dashed lines result from
model calculations involving time
limited decrease and increase of
the density in the ambient mat-
ter.

4 X-ray Lightcurve

The X-ray lightcurve (Fig. 3), showing the 19 ROSAT observations since day
6, the Chandra observation of 2000 [5] and the XMM observation of 2001,
covers now the first 8 years of this SN.

The tendency over the first half year is characterized by a decline of the
luminosity with t−0.30 where t is the time since the outburst. Thereafter
the lightcurve shows a bump and 5 years after the outburst, the luminos-
ity appears to return to the initial decline profile. The Chandra and XMM
observations, scaled to the ROSAT data, support the view of a general trend.

In the standard model the circumstellar matter is assumed to originate
from the stellar wind of the supergiant progenitor star producing a circumstel-
lar density profile proportional to r−s. From the measured time dependence
of the luminosity, that is roughly proportional to the square of the density
integrated over the emitting volume, we can derive the circumstellar density
profile to follow an r−1.65 behavior.

In the interpretation that the dominating emission region changed during
the first half year from the forward shock to the reverse shock region it is
somewhat surprising that the luminosity development does not reflect that
dramatic change, but suggests rather a smooth transition maintaining the
same gradient. Also the fact that the early ASCA spectrum showed already
the Fe complex between 6 and 7 keV, demonstrating the existence of material
at much lower temperatures than the observed and expected 80 keV, shows
that reality is certainly more complex.

Dips and bumps in the X-ray lightcurve suggest local density changes
above the general power-law profile of the circumstellar matter density, pos-
sibly caused by transient changes in the wind parameters of the progenitor
or by asymmetries in a possible binary scenario.

If we correlate the ROSAT light curve with the expansion velocity of the
SN shell derived from high resolution radio images of this object [1], we notice
around the time of the onset of the bump (around day 350) a break in the
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expansion rate. Both features may independently indicate a change of the
density profile in the circumstellar medium.

The X-ray lightcurve shows a rapid decline between day 225 and 370,
followed by a rapid increase up to day 935. A similar behavior could have
occured between day 1126 and 1464, but there is just one data point consis-
tent with no change. The rapid decline after day 1655 is evident and recovery
indicated by the Chandra and XMM points after day 2500. The evidence of
the latter 2 dips is statistically not too convincing, but they may be real.

If the shock wave runs into a sufficiently low density regime, matter heated
so far will simply expand. For isothermal (adiabatic) expansion the lightcurve
will go down with t−2 (with t−8/3, as long as the temperature is higher than
about 2 keV). When thereafter the shock wave encounters a density jump to
significantly higher values, the luminosity increases linearly with t.

The times when we see after a dip increases of the luminosity in the X-
ray lightcurve agree surprisingly well with the 3 parts in the radio expansion
curve with maximum deceleration. This is interpreted as the moment when
the shock hits a step like wall of denser circumstellar material.

We conclude that these changes in the X-ray lightcurve reflect changes
of the density in the ambient matter profile, which appear to show some
repetitive pattern like in a wave. Whether this characterizes the activity of
the progenitor star with respect to mass loss or wind velocity remains to be
seen.

5 Conclusions

The new data points in the X-ray lightcurve suggest a general decline rate
with Lx ∝ t−0.30 with luminosity dips and bumps being intermediate phe-
nomena. The suggested correlation of increases of the X-ray luminosity with
the steepest deceleration seen in the expansion of the radio shell and the
fact that the circularity of the radio images is not affected by these events,
suggests that the observed increases are probably due to density changes in
a more or less isotropic circumstellar matter distribution. There is, although
statistically weak, an indication of further dips in the X-ray lightcurve, which
could be due to repetitive activity changes in the progenitors wind history.

The XMM spectrum is best fitted by a 2-component thermal model that
assumes ionization equilibrium. Although the standard model predicts the
temperature development not too badly, even at these late times, there re-
mains the question whether in X-rays we really see emission from two locally
distinct regions, produced by a forward and a reverse shock.
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Summary. Modeling of radio and X-ray observations of supernovae interacting
with their circumstellar media are discussed, with special application to SN 1993J
and SN 2002ap. We emphasize the importance of including all relevant physical
mechanisms, especially for the modeling of the radio light curves. The different
conclusions for the absorption mechanism (free-free or synchrotron self-absorption),
as well as departures from an ρ ∝ r−2 CSM, as inferred by some authors, are
discussed in detail. We conclude that the evidence for a variation in the mass loss
rate with time is very weak. The results regarding the efficiencies of magnetic field
generation and relativistic particle acceleration are summarized.

1 Introduction

The interaction of supernovae (SNe) with their circumstellar medium (CSM)
offer important clues to both the nature of the SN progenitors, the hydrody-
namics of the explosion, the environment of the SN, and the physics of high
velocity shock waves. The now convincing connection of Type Ic SNe and
GRB’s has also made the study of the SN environment especially interesting.
Basically, the standard picture of the SN interaction with the surroundings
is only a non-relativistic version of the standard afterglow scenario (e.g.,
Chevalier, these proceedings). We will discuss a few issues related to the SN
interaction. For a more detailed exposition see the recent review in [8].

2 The Standard Model

Supernova progenitors come in basically two flavors: extended red super-
giants, or compact, hot stripped stellar cores. The former are thought to be
related to Type IIP SNe, while the latter are most likely related to Type
Ib and Ic SNe. Type IIL, IIn and IIb SNe probably represent a decreasingly
massive hydrogen envelope. It is also tempting to identify this as a sequence
of increasing ZAMS mass, with the Type IIP representing the most common
low mass progenitors, and the Type Ic’s originating from the most massive
Wolf-Rayet stars. A complication is the fact that a large fraction of stars are
in close binary systems. Mass transfer between the companions can in this
case lead to strong mass loss even for stars of comparatively low mass.
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Massive stars have in general strong stellar winds. On the main sequence
the blue supergiants have fast winds with a wind velocity of 500−3000 km s−1.
As the star evolves to the red supergiant stage the escape velocity decreases
dramatically and consequently the wind velocity to 10− 30 km s−1. In most
of this stage the mass loss rate is 10−6 − 10−5 M� yr−1. There are, however,
indications, both from the observations of SNe (see below), and from stellar
evolution calculations [14] that the star in some cases can undergo a stage
with a superwind, similar to what occurs in AGB’s, with mass loss rates of
∼ 10−4 M� yr−1. The duration of this stage must be very short, ∼ 104 yrs.
Finally, if mass loss is important enough, the star may evolve to the Wolf-
Rayet (WR) stage, with mass loss rate ∼ 10−5 M� yr−1 and a wind velocity
of 1000 − 5000 km s−1, depending on the evolutionary stage of the WR star
[30]. For single stars this occurs only for stars more massive than ∼ 22 − 40
M� for solar metallicity, depending on rotation [27]. In a binary system this
may, however, occur at considerably lower mass. Because the CS density is
ρcs = Ṁ/(4πuwr2), where Ṁ is the mass loss rate, uw the wind velocity and
r the distance from the star, the CS density into which the SN explodes can
differ by several orders of magnitude, depending on the evolutionary stage in
which it explodes.

The collision of the supernova ejecta with the surrounding gas generates
a strong shock wave, which expands with a velocity 20− 30% larger than the
maximum velocity of the ejecta. The temperature behind this forward shock
is ∼ 109 K. The pressure behind the shock will send a reverse shock back into
the ejecta. Because of the higher density, the velocity of the reverse shock will
only be Vcs/(n− 2) ∼ 500− 1000 km s−1, depending on the density gradient
of the ejecta, ρej ∝ r−n [5]. For polytropic envelopes the outer parts of the
ejecta have n ∼ 10 [24]. Departures from such a structure may, however,
lead to both steeper and shallower gradients. For typical ejecta gradients
the temperature will only be 107 − 108 K behind this shock. Therefore, and
because of the high ejecta density, cooling will in general be important for
the reverse shock [7, 10]. This will create a thin shell of cool gas between the
reverse and CS shocks, often referred to as the cool, dense shell. The forward
shock will in contrast usually be adiabatic, unless the CS density is very high.

During the last two decades radio, optical and X-ray observations have
greatly added to our understanding of the SN environment (see the papers by
Immler, Filippenko and Van Dyk). Of these, the radio provides the cleanest
signature of CS interaction. Because of this, and also because the interpre-
tation of these observations have generated some confusion, we will discuss
these observations in some detail, as well as the complications going into the
analysis.

2.1 Radio Emission and Absorption

The radio emission arises as a result of relativistic electrons accelerated in the
shock region and emitting synchrotron radiation in the magnetic field. The
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exact mechanism of the acceleration is not well known, although a first order
Fermi mechanism would be natural across the shock. Particle acceleration
may, however, also occur behind the shock, close to the contact discontinu-
ity, separating the shocked ejecta and shocked CSM. The generation of the
magnetic field is not much better understood, although there has been recent
progress in this area. In particular, numerical simulations [13, 29] based on
ideas of Medvedev & Loeb [26] for GRB’s, have shown that the Weibel in-
stability, which is a particular version of the two-stream instability, can give
rise to a strong magnetic field at the shock. Although the simulations have
mainly been done in the context of relativistic shocks, the same mechanism
should work also for non-relativistic shocks. An important issue for this type
of simulations is to determine the efficiency of conversion of the thermal en-
ergy of the shock into magnetic field and relativistic electron energy. The
latter two are usually characterized by εe = ue/utherm and εB = uB/utherm,
where utherm = 9/8ρV 2

s . Most likely, these parameters depend on both the
shock velocity, the CSM density and chemical composition.

The radio emission may be affected by free-free absorption from the
surrounding CSM and synchrotron-self absorption (SSA) by the same rel-
ativistic electrons that emit the radiation. Assuming the relativistic elec-
trons to be injected behind the forward shock with an energy distribution
given by dne(γ)/dγ ∝ γ−p for γmin ≤ γ ≤ γmax, the synchrotron spec-
trum is given by Fν = πR2Sν [1 − exp(−τν)] where Sν ∝ ν5/2/B1/2 and
τν ∝ B3/2+αNeν

−α−5/2. Here α = (p− 1)/2 and Ne is the column density of
relativistic electrons. In the case of negligible cooling Ne ∝ Rne ∝ Rue. At
low frequencies the optically thick spectrum is given by

Fν ∝ R2ν5/2B−1/2, (1)

and at high frequencies

Fν ∝ R2NeB
1+αν−α ∝ R3neB

1+αν−α. (2)

A fit to the spectrum, covering the peak frequency (ν ≡ νpeak), therefore al-
lows a determination of both the magnetic field and the density of relativistic
electrons, if the radius of the emitting region is known. As we discuss below,
this can usually be determined from optical line widths or in rare cases from
VLBI.

From these expressions we can derive an estimate of the brightness tem-
perature at the peak of the spectrum (i.e., where τ ∼ 1) given by

Tb ≈ 8.2 ××1010g(p)2/17(εe/εB)2/17(Fν/1029erg Hz−1)1/17K, (3)

independent of the value of νpeak. The value of g(p) varies slowly with the
parameters specifying the energy distribution of the relativistic electrons, for
example, g(2) = 1/ ln(γmax/γmin). The corresponding Lorentz factor is
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γpeak ≈ 1.0 × 102(εe/εB)2/17(Fν/1029 erg Hz−1)1/17, (4)

showing that γpeak is fairly insensitive to various parameters, and is expected
to vary by less than an order of magnitude.

The second possibility, free-free absorption, is decoupled from the emission
region, and only depends on the properties of the CSM. For an ρ ∝ r−2 CSM
density, the free-free optical depth is

τff ∝ ν−2(Ṁ/uw)2T−3/2R−3
s . (5)

Here, Rs = Vst. To estimate the relative importance of these mechanisms we
determine the frequency of optical depth unity. For free-free absorption, we
obtain

νff ∝ (Ṁ/uw)T−3/4V −3/2
s t−3/2. (6)

With

B2/8π ∝ εBρV 2
s ∝ εB(Ṁ/uw)V 2

s /R2
s ∝ εB(Ṁ/uw)/t2 (7)

and Ne ∝ εeRsB
2/εB we obtain for the SSA frequency

νSSA ∝ (εBεe)1/3(Ṁ/uw)2/3V 1/3
s t−1. (8)

The ratio of these is

νff/νSSA ∝ (εBεe)−1/3(Ṁ/uw)1/3V −11/3
s T−3/4t−1/2. (9)

Therefore, the relative importance of the two absorption mechanisms de-
pends strongly on the wind velocity of the progenitor, the efficiencies of pro-
ducing relativistic electrons and the strength of the magnetic field, the CSM
temperature and especially the shock velocity. The latter point has been em-
phasized by Chevalier [6], who find that most Type Ic SNe fall into the SSA
category, because of their high expansion velocities and high wind velocities.

For a consistent modeling it is crucial to include all relevant energy loss
mechanisms for the relativistic electrons. These include the usual synchrotron
losses, Compton losses on the photospheric and/or the synchrotron photons,
and Coulomb losses. While the former two mainly act on the high energy
electrons, and steepen the spectrum, the latter is most important at low
energies, and lead to a flattening of the spectrum. Even with a constant
value for p, this will lead to a curved optically thin spectrum. In practice, the
kinetic equation for the electron distribution should be solved at each energy.
More details on these processes can be found in [11].

When the cooling time starts to become comparable to the dynamical
time (i.e., t), radiation losses will affect the emitted synchrotron spectrum.
For synchrotron cooling
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tsynch/t = 0.47(t/10 days)(γ εB)−1(Ṁ/10−5 M� yr−1)−1(uw/10 kms−1).
(10)

Since γ >∼ 102, synchrotron cooling is expected to be important for super-
novae with a red supergiant progenitor, unless εB 	 1. However, cooling in
supernovae with a Wolf-Rayet star progenitor cannot be excluded, since the
cooling time may be shortened due to inverse Compton losses. This can occur
in situations where εe 
 εB (synchrotron self-Compton) or for very luminous
supernovae for which scattering of photospheric photons may become impor-
tant. As mentioned above, knowing νpeak and Rs makes it possible to deduce
individual values for εB and εe. The occurrence of cooling provides an extra
constraint on the model; for example, the underlying assumption of a spheri-
cally symmetric source geometry can be tested. The source properties can be
further refined if the Compton scattered radiation is observed. Furthermore,
if a low frequency flattening due to Coulomb losses is not properly accounted
for, it is likely that model fitting will give a value of νpeak, and hence B,
which is too large.

If free-free absorption is important, the epoch of optical depth unity allows
us to determine the important density parameter, Ṁ/uw. Because Rs = Vst,
one can determine the ratio Ṁ/uw from the time of optical depth unity at
a given frequency, if the shock velocity and the temperature of the CSM are
known. The shock velocity can either be estimated from the maximum extent
of the optical line widths, usually the Hα line, or in more rare cases, like for
SN 1993J, directly from the radius as inferred from VLBI observations.

The temperature of the CSM is even more difficult to determine. At the
time of shock break-out a burst of soft X-rays heats and ionizes the CSM.
The spectrum and luminosity of this burst depends on the nature of the
progenitor, and has recently been discussed by Matzner & McKee [24]. A
compact progenitor has a very brief burst of hard radiation with a low total
energy, while a red supergiant has a longer burst, but considerably softer and
with a larger energy. The ring of SN 1987A offers a spectacular example of
a circumstellar structure heated and ionized by the outburst of the SN. In
this case the initial temperature of the ring was ∼ 2 × 105 K, cooling on a
time scale of years [21, 22]. At the smaller distances relevant for the free-free
absorption of the radio supernovae during the first months (1015 − 1016 cm),
these effects will be even larger.

Unfortunately, with the exception of SN 1987A, little direct information
on the temperature of the CSM is available. Instead, one has to rely on
theoretical calculations. Because of the low density the recombination and
ionization time scales are long compared to the evolution of the ionizing
spectrum and one has to calculate the evolution of the temperature and
ionization of the CSM from the out-break until the epoch of interest. This
has only been done for a few cases, the Type IIL SN 1979C [20], SN 1987A
[21, 22] and SN 1993J [12]. In all cases the CSM temperatures close to the
shock are 105 − 106 K immediately after shock break-out. The temperature
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then decreases on a time scale of months, but can be >∼ 2×104 K even a year
after the explosion. This result is in sharp contrast to the simplified analyses
of the radio light curves which assume a constant temperature of in most
cases ∼ (1− 3)× 104 K, and obviously leads to large errors in the estimated
mass loss rates. Moreover, the decreasing temperature can mimic a change
in the mass loss rate with time, as has been claimed for some of the radio
supernovae. These effects are discussed in detail in [20].

3 SN 1993J

3.1 Synchrotron Self-absorption or Free-free Absorption?

The radio observations of SN 1993J [4, 32, 38] are to date by far the best
ones available. Equally important, the VLBI observations [1, 23] give direct
information about the size of the radio emitting region, and therefore the
shock velocity, as function of time. From this combination a detailed modeling
of the spectra have been possible [11, 12, 31, 38]. The conclusions with regard
to the mechanism behind the absorption, as well as the structure of the CSM,
however, differ substantially.

The analysis in both [12] and [38] were based on modeling the radio
observations by free-free absorption in a CSM. As was shown in [11], this
alone cannot reproduce the turn-off of the spectrum at low frequencies, which,
especially at late epochs, is considerably shallower than the exponential cutoff
expected for free-free absorption. Instead, it agrees well with the standard
Fν ∝ ν5/2 spectrum expected from synchrotron self-absorption. Only at early
epochs was free-free absorption found to be important, and then only for the
longest wavelengths.

The main reason why free-free is only marginally important is that the
temperature of the CSM inferred from modeling of the heating and ionization
by the radiation from the shock break-out is likely to have been very high,
∼ 105 − 106 K [12]. The parametric fits by Van Dyk et al., on the other hand
do not determine the temperature either observationally or theoretically, and
simply assume a constant temperature. Because τff ∝ T−3/2, this partly
explains the different importance of the free-free absorption in [38] and [11].
Furthermore, Van Dyk et al. do not use the dynamical evolution from the
VLBI observations. Finally, their fits do not include any cooling processes
which affect the electron spectrum, and only assume a constant power law
for this. Both Coulomb and synchrotron were shown to be important in [11],
which flatten the low energy spectrum and steepen it at high energies. The
effect of this can be seen especially in the lack of agreement between the fits
and the observations at the peak of the lowest frequency, caused by Coulomb
cooling, which flattens the electron spectrum.

The modeling in [31] is also based on SSA. They do, however, not include
a self-consistent calculation of the electron spectrum, for example Coulomb
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Fig. 1. Magnetic field (left) and density of relativistic electrons (right) as a function
of the shock radius for SN 1993J. The dashed lines show the expected evolution if
the magnetic energy density and relativistic particle density scale with the thermal
energy density, B2/8π ∝ ρV 2

s ∝ nrel ∝ t−2, while the dotted lines show the case
when B ∝ r−1 and nrel ∝ r−2[11].

cooling is not accounted for, and invoke an arbitrary cutoff of the electron
spectrum at low energies. This explains the different quantitative conclusions
from [11]; in particular, the neglect of Coulomb cooling in the model fitting
causes the deduced value of the synchrotron self-absorption frequency to be
too high. This, in turn, results in an overestimation of the strength of the
magnetic field.

A test of the SSA model was provided by the new low frequency obser-
vations with VLA in [32] and the VLA and GMRT in [4]. The fluxes of both
these sets of observations agreed well with the fluxes predicted in [11]. In
addition, the combined VLA and GMRT spectrum at 3200 days in [4] nicely
showed the break in the spectrum caused by the synchrotron cooling to evolve
as expected.

One of the most interesting results of the modeling of SN 1993J was that
not only could individual values for the energy densities in magnetic field
and relativistic particles be derived but also their evolution with time could
be determined (see Fig. 1). Both of these energy densities scaled with the
thermal energy density behind the shock (i.e., εB and εe are constants) but
the conditions are far from equipartition since εB ≈ 0.14 and εe ∼ 5× 10−4.

3.2 X-rays

X-ray emission from SN 1993J were observed with OSSE on Compton/GRO
[18], ROSAT [15, 39], ASCA [37], Chandra [35] and XMM [40]. During the
first two months, the OSSE and ASCA observations showed a very hard
spectrum with kT ∼ 100 keV. This agreed well with that expected from the
forward, circumstellar shock ∼ 1.1 × 102(Vs/104 km s−1)2 keV [12].

Because of the proximity to the Sun, it could then not be observed until
∼ 200 days after explosion. The temperature was now only ∼ 1 keV, and
the column density had increased by a large factor [37, 39]. This transition
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was explained in [12] as a natural consequence of the radiative reverse shock
and the presence of the cool, dense shell. As the SN expanded the column
density of the CDS decreases ∝ t−1, and therefore gradually becomes op-
tically thin. Because the luminosity below ∼ 10 keV is dominated by the
reverse shock, there will be a hard to soft transition, once the CDS becomes
transparent. From the X-ray flux the mass loss rate was estimated to be
∼ 4 × 10−5 M� yr−1, in agreement with that estimated from the radio.

3.3 Structure of the CSM

There has been considerable confusion also with regard to the structure of the
CSM of SN 1993J. In several papers [12, 15, 36, 38] there have been claims
of a CSM density varying as ρ ∝ r−1.5−1.7. This has in turn been taken as
evidence for a mass loss varying with time. Only in [11] was an ρ ∝ r−2

found to reproduce the observations. It is therefore of interest to examine the
arguments on which these quite different conclusions rest.

As has already been discussed, the analysis in [12] and [38] both neglected
the effects of SSA, and are therefore not physically consistent. Their conclu-
sions from the radio modeling with regard to the CSM should therefore be
ignored.

The X-ray analysis by Immler et al. [15] assumes that the X-ray emission
emerges from the forward, circumstellar shock. This is directly contradicted
by the low temperature, ∼ 1 keV, and high column density found from the
ASCA observations later than 200 days [37]. As was discussed above, the
X-ray flux and temperature at late phases are instead consistent with those
expected from the reverse shock [12, 36].

The analysis by Suzuki & Nomoto [36] is based on a hydrodynamical,
consistent modeling of the interaction of the ejecta and CSM, and the results
should therefore be taken seriously. The fact that they obtain a CSM density
at small radii varying as ρ ∝ r−1.7 and a clumpy medium at large radii,
however, depends on the ejecta structure they use. The specific model they
use, 4H47, was designed to reproduce the early light curve, and had for this
purpose to be mixed artificially. More detailed modeling [16] also showed that
these 1-D models are hydrodynamically unstable. A further problem with this
model is that it does not reproduce the velocity evolution of the shock, as
inferred by the VLBI observations. More detailed calculations of the X-ray
evolution using an ejecta model which does reproduce the VLBI observations
indeed show that a satisfactory reproduction of the X-ray observations can
be obtained for an ρ ∝ r−2 CSM density.

In conclusion, the only self-consistent modeling of the CSM of SN 1993J
are those in [11] using radio observations and [36] using X-rays. Because of
the insensitivity of the radio observations to the ejecta structure, in contrast
to the X-rays, we believe the former is the more reliable, and that an ρ ∝ r−2

CSM density is the most likely.
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4 SN 2002ap

Type Ic SNe are of special interest because of their relation to the GRBs.
The recent SN 2002ap is together with SN 1998bw the best observed objects
of this class, and we discuss some issues related to this.

A special property of the Type Ic SNe is their high expansion velocities.
Although this varies by a large factor from the relatively slow SN 1994I to
SN 1998bw, they are in all cases much faster than the Type II’s and also
SN 1993J. A problem here is the fact that the expansion velocity of the
radio emitting region is difficult to estimate directly from observations. The
optical spectrum shows few clear line features at early time, implying that
blending is very important. This only allows a lower limit to the velocity to
be determined. For SN 1998bw this was ∼ 60, 000 km s−1[28], and for SN
2002ap ∼ 30, 000 km s−1[25].

Because of the high expansion velocities SSA dominates the radio absorp-
tion. The radio observations of SN 1998bw [17] have been discussed in [19].
The most important conclusions was the high expansion velocity, Vs/c >∼ 0.9,
and the large energy in relativistic ejecta. Unfortunately, the radio observa-
tions of this and other Type Ic’s did not allow a determination of the mass
loss rate, because this depends on the unknown values of εe and εB. While
these are often assumed to be close to equipartition, there is little theoretical
motivation for this.

SN 2002ap is interesting in this respect because, in addition to good radio
observations [2], it was also observed with XMM [33, 34]. The X-ray emission
is most naturally explained as a result of inverse Compton scattering of the
photospheric radiation by the same relativistic electrons which are responsible
for the radio emission [3]. This process also leads to cooling of the relativistic
electrons, and thereby a steepening of the emitted spectrum, which agrees
with the fact that the optically thin radio spectrum is as steep as Fν ∝ ν−0.9.

By modeling the radio light curves of the different frequencies one can
determine the expansion velocity of the radio emitting region, as well as the
relative values of εe and εB. We find that Vs ∼ 70, 000 km s−1, and that εe
and εB are roughly equal (i.e., the magnetic field and relativistic electrons are
in approximate equipartition). The exact value of their ratio depends on the
upper and lower cut-offs in the electron distribution, which are not directly
observable. This is in contrast to SN 1993J, where we found that εB 
 εe.
It is also interesting to note that in both 1993J and 2002ap the injected
distribution of relativistic electrons has p ≈ 2, which is the theoretical value
expected from first order Fermi-acceleration at a non-relativistic shock. This
is not directly apparent from the observations, since cooling alters the emitted
spectrum so that the simple relation α = (p− 1)/2 cannot be used to deduce
the value of p. It could be that an electron distribution with p = 2 is valid
for most supernovae and that the range of observed values for α is due to
cooling.
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5 Conclusions

The VLA radio observations of SN 1993J are unique in terms of both the
temporal coverage and the quality of the observations. The fact that also
VLBI observations exist adds to this characterization, and means that the
size of the radio emitting plasma can be determined without further assump-
tions. This combination makes a detailed spectral analysis possible, and from
this a determination of the magnetic field and relativistic electron density as
functions of time. For this a consistent physical model is necessary, which
includes both the radiative transfer and the effects of different energy loss
processes on the electron spectrum. There is no need to invoke arbitrary pa-
rameterized models, which only hides the real physical parameters, and may
result in misleading conclusions with regard to physical mechanisms as well
as the structure of the CSM.
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Summary. We present a detailed late-time photometric and spectroscopic study of
SN1993J with HST/ACS and Keck LRIS-B. We find a clear signature of a hot star
component in the spectra of SN1993J which cannot be explained by the surrounding
faint blue stars. This is the first detection of the expected massive binary companion
to the red supergiant progenitor and confirms that SN1993J did indeed arise in an
interacting binary system.

1 The Late-time Lightcurve of 1993J

The progenitor site of SN1993J was studied in detail shortly after discovery
of the SN [1, 3]. A progenitor star was identified with a measured spectral
energy distribution (SED) in UBV RI. The V RI colors were consistent with
a K-type supergiant, but the UB-band fluxes were too high. This suggested
there was flux from either a hot binary companion star, or a tight unresolved
host OB association. Models of the supernova evolution at the time suggested
the double peak in the lightcurve and the spectral transformation to a SN Ib
could be explained if the K-type supergiant had lost almost all of its hydrogen
envelope to a massive main-sequence (or near main-sequence) companion
[6, 7, 9]. This would elegantly explain both the anomalous progenitor SED and
the SN evolution. Several authors suggested that this binary companion could
become visible within a few years after the SN faded. In this contribution we
present a summary of our search for the companion of the progenitor star.

Figure 1 shows the UB lightcurves of SN1993J (and SN1987A for com-
parison) to illustrate how the SN has faded and when we might likely be
able to identify a progenitor star. Although these are very different types of
SNe, we don’t have such continuous and late time coverage for any other SNe
so our comparison data are limited. One difference is startlingly clear, after
about 400 days SN1987A fades rapidly whereas SN1993J seems to plateau
out at absolute magnitudes of around −8. Late-time low resolution spectra
of 1993J (see the Filippenko & Matheson contribution in these proceedings)
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Fig. 1. Compilation of UB-band photometry for SN1993J and SN1987A. Note that
at late times SN1993J seems to plateau out at very bright absolute magnitudes
whereas SN1987A fades rapidly. The data come from mostly [2] (SN1987A) and [4]
(SN1993J) with the points at log(D) > 3.4 from our measured magnitudes in HST
archive images.

illustrate evidence for strong interaction of the ejecta with a dense circumstel-
lar medium. Hence the plateau effect may just be due to the strong emission
line flux from this interaction. However it could also be due to the fact that
there is an underlying stellar component, for example a supergiant star with
an absolute magnitude in the range −6 < MB < −8.
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Fig. 2. HST ACS F330W image of SN1993J and its surrounding stellar population.
This is a 1200s exposure taken 28 May 2002 (9.2yr after explosion). We follow the
nomenclature of [8] and add an extra detected star in the ACS image (star G). The
box is an example of the sky area sampled in the ground-based spectra from KeckI
LRIS-B. The width is 0.7′′ (the slit-width) and length is 1.8′′ which is the aperture
size used in the spectral reductions. The full photometry results are presented in
[5].

2 Searching for the Companion Star

To search for signs of a hot companion star at the position of 1993J we took
HST ACS images in the UV and deep, medium resolution spectra at Keck
(full details are in [5]). Our idea was to take high signal-to-noise spectra in
the near-UV to look for the spectral signature of an OB-supergiant or massive
main-sequence star i.e. Hi, Hei or Heii absorption features. The ACS image
is shown on Fig. 2. SN1993J has several neighboring blue stars (G-F are at
distances of 3-6 pc from the SN), but there is no dense OB-association.

We took a 5.5hr spectrum with Keck using a 0.7′′ slit and we estimate
that the ground-based spectrum samples the region within the box in Fig. 1
(the seeing was between 0.7 − 1.2′′). The spectrum is shown in Fig. 3. The



74 S.J. Smartt et al.

Fig. 3. Upper panel: flux calibrated spectrum of SN1993J 9.93yrs after explosion.
Resolution 2.4Å, S/N ratio between 15-30. Middle Panel: the near UV spectrum
of SN1993J and a B1Ia supergiant spectrum (HD168489) which has been scaled to
the distance of M81 with a reddening of E(B−V ) = 0.2 and a velocity shift of -120
km s−1applied. The sharp absorption features seen on 1993J are coincident with
the H i and He i wavelengths. Bottom Panel: Normalized spectra of SN1993J and
the B-type supergiant. The SN spectrum was normalized using short spline fits to
attempt to remove the broad emission-line component and allow the stellar spectral
contribution to be estimated. The absorption lines are best matched with an early
type B-supergiant (B0-B4) with a B2Ia spectrum giving the most consistent fit to
all constraints.

broad emission lines characteristic of the strong circumstellar interaction are
clearly visible but there are some striking, narrow absorption features super-
imposed on the continuum of the supernova. These features are all coincident
with Hi or Hei lines in an OB-star. This spectrum is a composite between
the emission flux from the SN ejecta interaction and flux from an OB-star
or stars. Clearly the important issue is whether or not the flux from the sur-
rounding stars we see in the ACS images can contribute enough to cause these
lines. Using the ACS photometry, we simulated the effect of the surrounding
stars using a Gaussian weighting function (weighting the contributions by the
distance from the centroid of SN1993J in a similar manner to [8]) and deter-
mined the maximum contribution of the surrounding stars to the flux of the
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ground-based spectrum of SN1993J to be 18% [5]. We took some represen-
tative normalized spectra of OB-supergiants and diluted the continuum to
18%. The calculated line strengths are much too weak to match the observed
features in Fig. 3.

To match the strength of these lines we took B-type supergiant spectra,
added excess continuum to the stellar spectra (simulating the effect of the SN
flux contribution) and renormalized. We varied the flux ratio until the renor-
malized H i line strengths matched those observed in the SN1993J spectrum.
In a similar manner we matched the He i lines at 3819Å and 4026Å, assuming
a normal He abundance. Early B-type supergiant spectra in the range B0-B4
provided the most consistent fit. Each line was fitted individually and the
final ratios were calculated from the mean of all features. After accounting
for the 18% contamination for the surrounding stars we estimate that the fol-
lowing continua ratios for each spectral type would give a consistent match
SN/B0Ia=1, SN/B1Ia=1.9, SN/B2Ia=1.9, SN/B3Ia=2.3, SN/B4Ia=3. The
pre-explosion UB photometry was used to further constrain the luminosity
of the progenitor and our best estimate of a star that could produce the
narrow lines and match the prediscovery photometry is log Teff = 4.3 ± 0.1
and log L/L� = 5 ± 0.3 (which is approximately B2Ia). Using these val-
ues and the prediscovery photometry of [1] we further restrict the progen-
itor to be a K-type supergiant with parameters log Teff = 3.63 ± 0.05 and
log L/L� = 5.1 ± 0.3.

These results confirm that the progenitor of SN1993J was indeed a mem-
ber of a binary system. A binary system of components with initial masses
14M� and 15M� is consistent with the observations. The 15M� becomes a
red-supergiant, loses almost all its envelope (∼8M�) to its companion and
then explodes when it has a mass of ∼5.4M� (and helium exhausted core of
∼5.1M�). A full discussion is available in [5].
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Summary. I describe and interpret observations of the rapidly developing impact
of the debris of SN1987A with its circumstellar ring.

1 Introduction

Today, we are observing SN1987A approximately 16 years after its initial
outburst. During the first 10 years, the radiation from SN1987A was domi-
nated by energy deposited in the interior by the decay of newly synthesized
radioisotopes. From observations at many wavelengths, we learned a great
deal about the dynamics and thermodynamics of the expanding debris. With
the Hubble Space Telescope, we have also observed a remarkable system of
three circumstellar rings, the origin of which remains a mystery.

About 7 years ago, the blast wave from the supernova began to strike the
inner circumstellar ring, resulting in the appearance of a rapidly brightening
“hot spot” on the ring. Today, many more hot spots have appeared, and
the radio, infrared, optical, and X-ray radiation from of the supernova is
now dominated by the impact of the supernova debris with its circumstellar
matter. This impact marks the birth of a supernova remnant, SNR1987A.

Here, I discuss what we know about the circumstellar matter and rings,
and what we are learning from observations of the interaction of the supernova
debris with the circumstellar matter. Finally, I will hazard a few guesses about
what we can expect to learn from SNR1987A during the next decade or so.

2 The Circumstellar Rings

The first evidence for circumstellar matter around SN1987A appeared a few
months after outburst in the form of narrow optical and ultraviolet emis-
sion lines seen with the International Ultraviolet Explorer [9]. Even before
astronomers could image this matter, they could infer that:
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Fig. 1. HST image of SN1987A and its circumstellar rings. The inset at the bottom
shows the evolution of the glowing center of the supernova debris.

– the gas was nearly stationary (from the linewidths);
– it was probably ejected by the supernova progenitor (because the abun-

dance of nitrogen was elevated);
– it was ionized by soft X-rays from the supernova flash (from emission lines

of NV and other highly ionized elements in the spectrum);
– it was located at a distance of about a light year from the supernova (from

the rise time of the light curve of these lines); and
– the gas had atomic density ∼ 3 × 103 − 3 × 104 cm−3 (from the fading

timescale of the narrow lines [10]).

Figure 1 shows an image of the circumstellar rings of SN1987A taken
with the WFPC on the Hubble Space Telescope. Dividing the radius of the
inner ring (0.67 lt-year) by the radial expansion velocity of the inner ring
(≈ 10 km s−1 [7]) gives a kinematic timescale ≈ 20, 000 years since the gas in
the ring was ejected, assuming constant velocity expansion. The more distant
outer loops are expanding more rapidly, consistent with the notion that they
were ejected at the same time as the inner ring.

The rings observed by HST are glowing by virtue of the ionization and
heating caused by the flash of EUV and soft X-rays emitted by the supernova
during the first few hours after outburst. But calculations [8] show that this
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Fig. 2. Light Curves of SNR1987A. Diamonds – optical (Hα, 10−15 erg cm−2s−1,
courtesy P. Challis); triangles – radio (4.7 GHz, mJy, courtesy R.N. Manchester);
squares – X-rays (2.0 – 5 keV, 10−14 erg cm−2s−1, courtesy Sangwook Park).

flash was a feeble one. The glowing gas that we see in the triple ring system
is probably only the ionized inner skin of a much greater mass of unseen gas
that the supernova flash failed to ionize. For example, the inner ring has a
glowing mass of only about ∼ 0.04 M�, just about what one would expect
such a flash to produce.

In fact, ground-based observations of optical light echoes during the first
few years after outburst provided clear evidence of a much greater mass of
circumstellar gas within several light years of the supernova that did not
become ionized [6, 22]. The echoes were caused by scattering of the optical
light from the supernova by dust grains in this gas. They became invisible a
few years after outburst.

What accounts for this circumstellar matter and the morphology of the
rings? I suspect that the supernova progenitor was originally a close binary
system, and that the two stars merged some 20,000 years ago. The inner
ring might be the inner rim of a circumstellar disk that was expelled during
the merger, perhaps as a stream of gas that spiraled out from the outer
Lagrangean (L2) point of the binary system. Then, during the subsequent
20,000 years before the supernova event, ionizing photons and stellar wind
from the merged blue giant star eroded a huge hole in the disk. Finally, the
supernova flash ionized the inner rim of the disk, creating the inner ring that
we see today.

The binary hypothesis provides a natural explanation of the bipolar sym-
metry of the system, and may also explain why the progenitor of SN1987A
was a blue giant rather than a red giant [18]. But we still lack a satisfactory
explanation for the outer loops. If we could only see the invisible circumstellar
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Fig. 3. Schematic illustrating the hydrodynamics of SNR1987A. As the freely
expanding supernova ejecta first crosses a reverse shock, its temperature is elevated
to >∼ 107 K. This high pressure X-ray-emitting gas drives a forward shock (blast
wave) ahead into an HII region of low density (n ∼ 100 cm−3) gas. Optical hot
spots appear behind the transmitted shock where the blast wave strikes an inward
protrusion of the high density (n ∼ 104 cm−3) circumstellar ring.

matter that lies beyond the loops, we might have a chance of reconstructing
the mass ejection episode.

Fortunately, SN1987A will give us another chance. When the supernova
blast wave hits the inner ring, the ensuing radiation will cast a new light on
the circumstellar matter. As I describe below, this event is now underway.

3 The Crash Begins

The first evidence that the supernova debris was beginning to interact with
circumstellar matter came from radio and X-ray observations. As Fig. 2
shows, SN1987A became a detectable source of radio and soft X-ray emis-
sion about 1200 days after the explosion and has been brightening steadily
in both bands ever since. Shortly afterwards, astronomers imaged the radio
source with the Australia Telescope Compact Array (ATCA) and found that
the radio source was an elliptical annulus inside the inner circumstellar ring
observed by HST (Plate 2). From subsequent observations, they found that
the annulus was expanding with a radial velocity ∼ 3, 000 km s−1 [12].
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The radio emission most likely comes from relativistic electrons accel-
erated by shocks formed inside the inner ring where the supernova debris
struck relatively low density circumstellar matter, and the X-ray emission
comes from the shocked circumstellar matter and supernova debris. [4, 5]

Until 1996, the circumstellar ring continued to fade as it cooled and re-
combined [10]. But then, the first “hot spot” appeared and began to brighten
on the ring (Plate 2). Evidently, this spot marks the place where the super-
nova blast wave first strikes an inward protrusion of the ring (Fig. 3). Since
then, many more hot spots have appeared and now encircle the entire ring.
As this interaction develops, the newborn supernova remnant is brightening
at an accelerating rate at optical, radio, and X-ray wavelengths (Fig. 2).

4 The Reverse Shock

Borkowski et al. [1] used a 2-D hydro code to simulate the impact of the
outer atmosphere of the supernova with the circumstellar matter. Their model
predicted that Lα and Hα emitted by hydrogen atoms crossing the reverse
shock should be detectable with the STIS. Then, in May 1997, only three
months after these predictions were published, the first STIS observations
of SN1987A were made, and broad (∆V ≈ ±12, 000 km s−1) Lα emission
lines were detected [20]. Within the observational uncertainties, the flux was
exactly as predicted [14].

The broad Lα and Hα emission lines are not produced by recombination.
Instead, they are produced by neutral hydrogen atoms in the supernova debris
as they cross the reverse shock and are excited by collisions with electrons
and protons in the shocked gas. The observed flux of broad Lα is a direct
measure of the flux of hydrogen atoms that cross the shock. Moreover, since
the outer supernova envelope is expected to be nearly neutral, the observed
flux is a measure of the mass flux across the shock.

These Lα and Hα emission lines give us a powerful tool to map this shock.
Since any hydrogen in the supernova debris is freely expanding, its line-of-
sight velocity, V‖ = z/t, where z is its depth measured from the mid-plane
of the debris and t is the time since the supernova explosion. Therefore, the
Doppler shift of the Lα line will be directly proportional to the depth of the
reverse shock: ∆λ/λ0 = z/ct. Thus, by mapping the Lα or Hα emission with
STIS, we can generate a 3-dimensional image of the reverse shock.

Figure 4 illustrates this procedure. Panel a shows the location of the slit
superposed on an image of the inner circumstellar ring, with the near (N) side
of the tilted ring on the lower left. Panel b shows the actual STIS spectrum
of Lα from this observation. The slit is black due to geocoronal Lα emission.
The bright blue-shifted streak of Lα extending to the left of the lower end
of the slit comes from hydrogen atoms crossing the near side of the reverse
shock, while the fainter red-shifted streak at the upper end of the slit comes
from the far side of the reverse shock.
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Fig. 4. STIS spectrum of Lα emission from the reverse shock [14].

From this and similar observations with other slit locations we have con-
structed a map of the reverse shock surface, shown in panel c. Note that the
emitting surface is an annulus that lies inside the inner circumstellar ring.
Presumably, the reverse shock in the polar directions lies at a greater dis-
tance from the supernova, where the flux of atoms in the supernova debris is
too low to produce detectable emission. Panel d is a model of the STIS Lα
spectrum that would be expected from hydrogen atoms crossing the shock
surface illustrated in panel c. By comparing such model spectra with the
actual spectra (e.g., panel b), we may refine our model of the shock surface
[16].

5 The Hot Spots

In April 1997, Sonneborn et al. [20] obtained the first STIS spectrum of
SN1987A. Images of the circumstellar ring were seen in several optical emis-
sion lines. No Doppler velocity spreading was evident in the ring images
(Plate 2) except at one point, located at P.A. = 29◦ (E of N), which we now
call “Spot 1,” where a Doppler-broadened streak was seen in Hα and other
optical lines.

Spot 1 evidently marks the location where the supernova blast wave
first touches an inward protrusion of the dense circumstellar ring (Fig. 3).
When a blast wave propagating with velocity Vb ≈ 4, 000 km s−1 through
circumstellar matter (density n0 ≈ 150 cm−3) encounters the ring (density
nr ≈ 104 cm−3), one would expect the transmitted shock to propagate into
the ring with Vr ≈ (n0/nr)1/2Vb ≈ 500 km s−1 if it enters at normal inci-
dence, and more slowly if it enters at oblique incidence.
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The emission line spectrum of Spot 1 resembles that of a radiative
shock, in which the shocked gas has had time to cool from its post-shock
temperature T1 ≈ 1.6 × 105[Vr/(100 km s−1)]2 K to a final temperature
Tf ≈ 104 K. As the shocked gas cools, it is compressed by a density ra-
tio nf/nr ≈ (T1/Tf ) ≈ 160[Vr/(100 km s−1)]2 [Tf/(104K)]−1. We see evi-
dence of this compression in the observed ratios of forbidden lines, such as
[NII]λλ6548, 6584 and [SII]λλ6717, 6731, from which we infer electron densi-
ties in the range ne ∼ 106 cm−3 using standard nebular diagnostics [19].

The fact that the shocked gas in Spot 1 was able to cool and form a
radiative layer within a few years sets a lower limit, nr >∼ 104 cm−3, on the
density of unshocked gas in the protrusion. Given that limit, we can estimate
an upper limit on the emitting surface area of Spot 1, from which we infer
that Spot 1 should have an actual size no greater than about one pixel on
the HST Wide Field Planetary Camera (WFPC2). This result is consistent
with the imaging observations.

The cooling timescale of shocked gas is sensitive to the postshock tempera-
ture, hence shock velocity. For nr = 104 cm−3, shocks faster than 250 km s−1

will not be able to radiate and form a cooling layer within a few years. It
is likely that such fast non-radiative shocks are present in the protrusions.
For example, I estimated above that a blast wave entering the protrusion
at normal incidence might have velocity ∼ 500 km s−1. Faster shocks would
be invisible in optical and UV line emission, but we are probably seeing evi-
dence of such shocks in soft X-rays (§6). We would still see the optical and UV
line emission from the slower oblique shocks on the sides of the protrusion,
however.

Spot 2 did not appear until November 1998, but shortly thereafter, several
more spots appeared [21]. By summer 2003, the entire ring was encircled by
hot spots (Plate 2). The hot spots are brightening rapidly, with doubling
timescales ranging from a few months to 2 years.

6 The X-ray Source

As I have already mentioned in §2, we believe that the X-ray emission from
SNR1987A seen by ROSAT (Fig. 2) comes from the hot shocked gas trapped
between the supernova blast wave and the reverse shock. But ROSAT could
not image this emission; nor was it able to obtain a spectrum.

Our ability to analyze the X-rays from SNR1987A advanced dramatically
with the launch of the Chandra observatory [3, 17]. Plate 2 shows the Chandra
images at three epochs. We see immediately that the X-rays images have
brightened and changed dramatically in the nearly 4 year interval spanned
by these observations. The brightest regions of the early X-ray images were
well within the optical ring and correlated rather well with the radio images;
but as the optical hotspots brightened, the X-ray images were brightest along
arcs that correlated well with the locations of the optical hot spots. Evidently,
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in 1999 the X-ray emission was dominated by the shocked gas between the
blast wave and the reverse shock, but today it is dominated by the shocked
gas in the denser hot spots.

The fact that the X-ray and radio images are both brighter on the E (left)
side than on the W could be explained by a model in which either: (a) the
circumstellar gas inside the inner ring had greater density toward the E; or
(b) the outer supernova debris had greater density toward the E. But the
fact that most of the hot spots appeared first on the E side favors the latter
hypothesis. If the circumstellar gas had greater density toward the E side and
the supernova debris were symmetric, the blast wave would have propagated
further toward the W side, and the hot spots would have appeared there
first.

This conclusion is also supported by observations of Hα and Lα emission
from the reverse shock (§3), which show that the flux of mass across the
reverse shock is greater on the W side.

These observations highlight a new puzzle about SN1987A: why was the
explosion so asymmetric? We might explain a lack of spherical symmetry by
rapid rotation of the progenitor, but how do we explain a lack of azimuthal
symmetry?

With the grating spectrometer on Chandra, we have also obtained a spec-
trum of the X-rays from SNR1987A [15]. It is dominated by emission lines
from helium- and hydrogen-like ions of O, Ne, Mg, and Si, as well as a complex
of Fe-L lines near 1 keV, as predicted (Borkowski et al 1997b). The charac-
teristic electron temperature inferred from the spectrum, kTe ∼ 3 keV, is
much less than the proton temperature, kTp ∼ 30 keV for a blast wave prop-
agating with Vb ≈ 4, 000 km s−1 and that inferred from the widths of the
X-ray emission lines. This result is a consequence of the fact that Coulomb
collisions are too slow to raise the electron temperature to equilibrium with
the ions.

The Chandra observations (Fig. 2) show that the X-ray flux is now bright-
ening exponentially with an e-folding timescale ∼ 2.4 years. The X-ray flux
is expected to increase by another order of magnitude during the coming
decade as the blast wave overtakes the inner circumstellar ring [2].

7 The Future

SNR1987A has been tremendous fun so far but the best is yet to come. During
the next ten years, the blast wave will overtake the entire circumstellar ring.
More hot spots will appear, brighten, and eventually merge until the entire
ring is blazing brighter than Spot 1. We expect that the Hα flux from the
entire ring will increase to FHα >∼ 3 × 10−12 erg cm−2s−1, or >∼ 30 times
brighter than it is today [11].

As we have already begun to see, observations at many wavelength bands
are needed to tell the entire story of the birth of SNR1987A. Fortunately,
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powerful new telescopes and technologies are becoming available just in time
to witness this event.

Large ground-based telescopes equipped with adaptive optics will provide
excellent optical and infrared spectra of the hot spots. We need to observe
profiles of several emission lines at high resolution in order to unravel the
complex hydrodynamics of the hot spots. These telescopes also offer the ex-
citing possibility to image the source in infrared coronal lines of highly ionized
elements (e.g., [Si IX] 2.58, 3.92µm, [SiX] 1.43µm) that may be too faint to
see with HST. Observations in such lines will complement X-ray observations
to measure the physical conditions in the very hot shocked gas.

The observations with the ATCA have given us our first glimpse of shock
acceleration of relativistic electrons in real time, but the angular resolution
of ATCA is not quite good enough to allow a detailed correlation of the
radio image with the optical and X-ray images. It will be wonderful to see
images of SNR1987A from the Atacama Large Millimeter Array (ALMA),
which should be available before the end of this decade. The images, which
will have angular resolution better than the HST images, will give us a unique
opportunity to test our theories of relativistic particle acceleration by shocks.

Of course, we should continue to map the emission of fast Lα and Hα from
the reverse shock with STIS. Such observations give us a three-dimensional
image of the flow of the supernova debris across the reverse shock, providing
the highest resolution map of the asymmetric supernova debris. We expect
this emission to brighten rapidly, doubling on a timescale ∼ 1 year. Most
exciting, such observations will give us an opportunity to map the distribution
of nucleosynthesis products in the supernova debris. We know that the debris
has a heterogeneous composition. The early emergence of gamma rays from
SN1987A showed that some of the newly synthesized 56Co (and probably
also clumps of oxygen and other elements) were mixed fairly far out into the
supernova envelope by instabilities following the explosion [13]. When such
clumps cross the reverse shock, the fast Hα and Lα lines will vanish at those
locations, to be replaced by lines of other elements. If we keep watching with
STIS, we should see this happen during the coming decade.

The shocks in the hot spots are surely producing ionizing radiation,
roughly half of which will propagate ahead of the shock and ionize heretofore
invisible material in the rings. The effects of this precursor ionization will
soon become evident as brightening of narrow emission lines in the vicinity
of the hot spots.

In §1 I pointed out that the circumstellar rings of SN1987A represent
only the inner skin of a much greater mass of circumstellar matter, and that
we obtained only a fleeting glimpse of this matter through ground-based
observations of light echoes. The clues to the origin of the circumstellar ring
system lie in the distribution and velocity of this matter, if only we could see it
clearly. Fortunately, SNR1987A will give us another chance. Although it will
take several decades before the blast wave reaches the outer rings, the impact
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with the inner ring will eventually produce enough ionizing radiation to cause
the unseen matter to become an emission nebula. We have estimated [11] that
the fluence of ionizing radiation from the impact will equal the initial ionizing
flash of the supernova within a few years after the ring reaches maximum
brightness. I expect that the circumstellar nebula of SNR1987A will be in
full flower within a decade. In this way, SN1987A will be illuminating its own
past.
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Plate (McCray)

Optical, X−ray, and radio images of SNR 1987A at four epochs.  The optical images in the first column
are taken with  broad H   filter on the Hubble Space telescope (courtesy Peter Challis).  The second
column shows broadband (0.3−3.8 keV) images from Chandra (courtesy Sangwook Park), and the third
column shows non−thermal radio images from the Australia Telescope Compact Array (courtesy Dick
Manchester). The 1996, 1999, and 2001 radio images are taken at 8.7 GHz, while the 2003 image is
taken at 18.5 GHz. In 1996, no hot spots are evident. The bright spot in the SW quadrant of the ring
is a foreground star.  In 1999, Spot 1, has appeared on the NE quadrant (position angle 29 deg) of
the inner circumstellar ring.  In 2001, Spots 2, 3, and 4 are evident in the SE quadrant.  In 2003, 
the entire ring is encircled by hot spots.
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Summary. SN1987A has an intrinsic radio luminosity some four orders of mag-
nitude less than SN1993J at maximum, largely a reflection of the tenuous wind
from the progenitor of SN1987A before explosion. Both remnants have an edge-
brightened, ring-like morphology though, in the case of SN1987A, the expansion
rate is currently only around 3500 km s−1. The flux density of the remnant of
SN1987A continues to rise at all measured radio frequencies. Its spectral index is
gradually flattening, indicating its transition into the supernova remnant phase.
A campaign to increase the resolution of radio imaging by observing at higher
frequencies is underway with the Australia Telescope Compact Array (ATCA).

1 Introduction

Radio observations of young supernovae are able to provide valuable infor-
mation on stellar ejecta – its expansion rate, structure and kinetic energy.
However, the most valuable and quantitative information relates to the struc-
ture of the surrounding medium with which this ejecta interacts. The density
and structure of this medium is normally dominated by winds from the pro-
genitor star, but its temperature and ionization state is strongly influenced
by the ultraviolet flash created when the supernova shock erupts through
the stellar photosphere. The minishell model [2] has been used with some
success to explain radio observations of nearby supernovae, and appears to
work reasonably well for SN1993J, the subject of this conference [8, 14]. How-
ever, the minishell model requires serious modification in order to account for
clumpy progenitor mass-loss [25], the recently identified hypernovae/Gamma-
Ray burst events [11] and, as we shall see, the late-time evolution of SN1987A.

2 Radio Luminosity Evolution

2.1 Early Times (< 1000 Days)

Radio emission from SN1987A in the Large Magellanic Cloud was detected
immediately after outburst, with the 0.8 GHz flux density peaking at 140 mJy
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on day 3 [22]. The rapid flux density evolution and low radio luminosity
was consistent with interaction of the shock wave with a fast low-density
wind from the blue supergiant progenitor Sk−69◦202. If the delay in the low-
frequency radio emission was due to free-free absorption, the progenitor mass-
loss rate was ∼ 10−5M� [3]. If due to synchrotron self-absorption [5, 10, 21],
the progenitor mass loss was smaller. VLBI observations indicated a fast
> 19000 km s−1 shock front [9], consistent with early optical spectroscopy.

The early phase of the radio emission was consistent with the minishell
model, albeit the radio luminosity was very low, and only detected because
of its proximity. The peak 5 GHz luminosity of SN1987A was about four
orders of magnitude smaller than SN1993J in M81, and about five orders of
magnitude smaller than SN1986J or SN1988Z [26].

2.2 Late Times (≥ 1000 Days)

Fig. 1. The late-time evolution of the remnant of SN1987A at four different radio
frequencies from 1.4 to 8.6 GHz. The flux density has increased in an approxi-
mately linear manner since day 1200. Some flux density fluctuations can be seen.
All observations are from the ATCA.

SN1987A re-emerged as a radio source in 1990.5, first at low frequency (0.8
GHz) and, a month later, at higher frequencies (5 GHz) [19]. High resolution
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imaging (see also section 4) confirmed that this emission was edge-brightened
[20], and therefore due to an interaction of the shock front with a density
jump. This increase was not unexpected because of the inferred pre-outburst
evolution of Sk−69◦202 and the high density of the beautiful arcsecond-scale
structure of the circumstellar nebula imaged by the NTT and HST [24].

Figure 1 shows the evolution of SN1987A from day 1000 at frequencies
from 1.4 to 8.6 GHz, based on observations with the ATCA. These observa-
tions, and the even more closely spaced MOST observations at 0.8 GHz [1],
indicate an approximate linear increase to date, with a 1.4 GHz flux density
of around 200 mJy at day 5900. At frequencies less than 2 GHz, the flux
density of the SN1987A remnant now exceeds the peak flux density reached
at early times. In comparison to the peak flux density of SN1993J of 100 mJy
at 5 GHz (day 200) [23], the flux density of SN1987A at day 5900 is still only
65 mJy at 5 GHz. This implies that, intrinsically, SN1987A is still 8000 times
fainter than SN1993J at maximum. There are significant deviations from the
simple picture of a linear increase which are discussed elsewhere [1, 12].

The spectrum of SN1987A is non-thermal with an index (Sν ∝ να) of
α ≈ −0.8 (see section 3). This is consistent with optically-thin synchrotron
emission with an differential electron energy spectral index of −2.6. The
source of this emission is the accelerated electrons and compressed magnetic
field produced at the shock front. The favored mechanism is ion-modified dif-
fusive shock acceleration which heats the upstream plasma, producing a pre-
cursor shock and lowering the compression ratio for the main shock [7]. How-
ever, the time-dependence of the resultant synchrotron emissivity depends on
the density structure of the circumstellar nebula. Whilst the high emission
measure component of this is easily traced by high-resolution forbidden-line
and hydrogen recombination-line observations, the structure of the lower den-
sity regions only becomes apparent once its energy density has been raised by
the passing shock front. Thus the radio (and X-ray) light curves of SN1987A
are difficult to predict.

However, if not able to produce detailed predictions, models of the struc-
ture of the nebula around SN1987A and inside the circumstellar ring are
useful in providing a general picture of what might happen in the future,
and at what stage rapid increases in thermal and non-thermal emission at
various wavelengths might begin to happen [4, 6, 15]. A common feature of
these models is that the triple-ring circumstellar structure was created by
asymmetric outflow during the red supergiant phase of the progenitor star
in a manner similar to the formation of planetary nebulae from red giants.
However, the inner part of this nebula has been modified and pre-shocked by
the fast wind from the later blue supergiant phase, therefore creating sev-
eral discontinuities and transition zones. At this stage, the (mainly thermal)
X-ray light curve appears to be rising exponentially [16], indicating that the
shock front is very close to the ring.
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Fig. 2. The late-time spectral index evolution of the remnant of SN1987A derived
from ATCA observations at 1.4 and 4.8 GHz, where the measurements are within a
week of each other. After day 3000, a clear flattening of the spectral index is seen.

3 Spectral Evolution

As already shown for radio observations up to day 5000 [12], the spectral
index of the SN1987A remnant is flattening with time. The index (Sν ∝ να)
is currently α ≈ −0.8 and increasing at a rate of α̇ = 0.02 yr−1 (Fig. 2). It
may therefore reach the canonical −0.5 spectral index for shell-like remnants
within 15 years. However, given the exponential evolution of the X-ray flux
at the current time, it is likely that the radio evolution will not remain as
regular as it has over the past few years.

It is interesting to note that, although the properties of SN1987A and
SN1993J are in general quite different, the latter also appears to have a
spectral index which is flattening with time [18]. The common implication is
that the compression ratio of supernova shock fronts increases with time.

4 Structure in the Remnant of SN 1987A

A high resolution ATCA image taken at a frequency of 9 GHz in 2003 January
is shown in Fig. 3. A ring-like structure is present, which has been modeled
as a thin spherical shell and a number of hotspots [12]. In comparison with
previous images, the east-west asymmetry is growing, and there appears to
be enhanced emission in the southern part of the remnant. The latter feature
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Fig. 3. An image of the radio remnant of SN1987A at day 5810. This image is a
maximum entropy reconstruction of ATCA data at a frequency of 9 GHz, convolved
with a beam (shown in the bottom left-hand corner) of 0.4 arcsec, resulting in an
effective resolution of about 0.5 arcsec. A clear ring-link structure is seen.

may also be present in Chandra 1.2–8.0 keV data from late-2002 [16]. The
remnant continues to expand at a rate of 3500 ± 100 km s−1 [12], which is
similar to the newly derived X-ray expansion velocity of 5000± 1000 km s−1

[17].
The general picture that is emerging for the evolution of the remnant

is that of a fast shock front interacting with gas of increasing density and,
along with the increasing shock front area, producing increased levels of syn-
chrotron and non-thermal X-ray emission. Asymmetries in the explosion and
the circumstellar gas are responsible for the present-day shape of the remnant,
though the general picture remains an almost-spherical shock front imping-
ing on the interior of an hour glass-shaped nebula. Close to the equator, and
along the rim of the hour glass, circumstellar densities are very high, and the
shock is dramatically slowed down, giving rise to the thermal X-ray emission
and the optical emission-line structure seen by HST.
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5 Summary and Future Work

Radio emission from SN1987A and SN1993J, the latter being the subject
of this conference, are different manifestations of the same basic physics –
i.e. a subluminal shock front interacting with a circumstellar nebula. There
are clear differences in the history and binarity of the progenitors which
go a long way in explaining the very substantial observational differences.
Principally these differences are in luminosity (SN1987A is still four orders of
magnitude less bright than SN1993J at maximum), and evolution (the radio
luminosity of SN1987A is increasing whilst that of SN1993J is decreasing).
These difference arise from the fact that SN1987A is embedded in a complex
planetary nebula-type structure, whereas SN1993J appears to have a simple
r−2 circumstellar density profile.

Whilst optical and X-ray monitoring will remain valuable probes of the
expanding shock front, a new regime of high-resolution radio imaging of
SN1987A is opening up after the recent (2003) installation of 20 GHz re-
ceivers on the ATCA. This will allow images of resolution 0.2 arcsec to be
regularly obtained, thus improving markedly on existing images such as in
Fig. 3. Preliminary observations, which have been reported elsewhere, look
promising [13].

References

1. L. Ball, D.F. Crawford, R.W. Hunstead, I. Klamer, V.J. McIntyre: Astrophys.
J. 549, 599 (2001)

2. R.A. Chevalier: Astrophys. J. 259, 302 (1982)
3. R.A. Chevalier, C. Fransson: Nature 328, 44 (1987)
4. R.A. Chevalier, V.V. Dwarkadas: Astrophys. J. 452, 45 (1995)
5. R.A. Chevalier: Astrophys. J. 499, 810 (1998)
6. K.J. Borkowski, J.M. Blondin, R. McCray: Astrophys. J. 477, 281 (1997)
7. P. Duffy, L. Ball, J.G. Kirk: Astrophys. J. 447, 364 (1995)
8. C. Fransson, C.-I. Björnsson: Astrophys. J. 509, 861 (1998)
9. D.L. Jauncey, A. Kemball, N. Bartel, I.I. Shapiro, A.R. Whitney,

A.E.E. Rogers, R.A. Preston, T.A. Clark: Nature 334, 412 (1988)
10. J.G. Kirk, M. Wassman: Astron. Astrophys. 254, 167 (1992)
11. Z.-Y. Li, R.A. Chevalier: Astrophys. J. 526, 716 (1999)
12. R.N. Manchester, B.M. Gaensler, V.C. Wheaton, L. Staveley-Smith,

A.K. Tzioumis, N.S. Bizunok, M.J. Kesteven, J.E. Reynolds: Pub. Astron.
Soc. Australia 19, 207 (2002)

13. R.N. Manchester, L. Staveley-Smith, B.M. Gaensler, M.J. Kesteven,
A.K. Tzioumis: “The highest resolution image from the Compact Array: SNR
1987A at 12mm.” In: ATNF News, issue 51, (ATNF October 2003), pp. 17-19
(also at http://www.atnf.csiro.au/news/newsletter/oct03)

14. J.M. Marcaide et al. : Science 270, 1475 (1995)
15. R. McCray: Supernova 1987A: “The Birth of a Supernova Remnant.” In: These

proceedings



SN 1987A at Radio Wavelengths 95

16. S. Park, D.N. Burrows, G.P. Garmire, S.A. Zhekov, D. McCray: “Monitoring
the Evolution of SNR 1987A with Chandra.” In: Young Neutron Stars and their
Environments, IAU Symposium 218, ed. by F. Camilo, B. Gaensler (ASP, San
Francisco 2004)

17. S. Park, S.A. Zhekov, D.N. Burrows, E. Michael, G.P. Garmire, G. Hasinger:
astro-ph 0308220
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Summary. The high resolution obtained through the use of VLBI gives an unique
opportunity to directly observe the interaction of an expanding radio supernova
with its surrounding medium. We present here results from our VLBI observations
of the young supernovae SN 1979C, SN 1986J, and SN 2001gd.

1 Introduction

In the standard model of radio emission from supernovae, a blast wave is
driven into an ionized, dense, slowly expanding wind. As a result, a high-
energy-density shell is formed. The relativistic electrons present in this shell
spiral along the magnetic field and respond for the observed radio synchrotron
emission. The supernova quickly increases its radio brightness with time, due
to the increasingly smaller electron column density in the line of sight. When
the optical depth at cm-wavelengths is about unity, the supernova reaches its
maximum of emission, after which the emission monotonically decreases due
to expansion losses. Very-Long-Baseline Interferometry (VLBI) observations
of radio supernovae are a powerful tool to probe the circumstellar interaction
that takes place after a supernova explodes. Indeed, high-resolution radio ob-
servations permit us to trace the presupernova mass loss history by directly
imaging the structure of the supernova as it expands. The wealth of infor-
mation includes also a direct estimate of the deceleration of the supernova
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expansion, estimates of the ejecta and circumstellar density profiles (which
has implications on the progenitor system), distortion of the shock front, and
the potential observation of Rayleigh-Taylor instabilities. Unfortunately, the
usually large distances to radio supernovae makes their VLBI imaging a chal-
lenging task, and only radio supernovae that are young, bright, nearby, and
rapidly expanding are appropriate VLBI targets.

2 SN 1979C

SN1979C was discovered on 19 April 1979 in the galaxy M100. It was classified
as a Type II Linear supernova, and had an expansion velocity of 9200 km/s,
at an age of about 45 days [14]. Its radio emission has been interpreted
within the minishell model [3] with some modifications [13]. Recent studies
of the environment of the supernova carried out in the optical [20] have
put a possible constraint on the mass of the progenitor of 17 to 18 M�.
Previous VLBI observations of SN 1979C did not resolve the radio structure
of the supernova [1]. Nevertheless, the modeling of these radio data showed
the observations to be consistent with an undecelerated expansion of the
supernova (r ∝ tm,m = 1) for the first five years.

The radio light curves of SN 1979C are rather odd, showing a wiggling
behavior for almost 20 yr. Recently, the radio brightness of SN 1979C has
stopped declining (or even started to increase) and has apparently entered
a new stage of evolution [13]. This new trend in the radio light curves of
SN 1979C is interpreted as being due to the supernova shock wave having
entered a denser region of material near the progenitor star.

Prompted by this apparent new trend in the radio light curves of SN 1979C,
we observed the supernova on June 1999 with a very sensitive four-antenna
VLBI array at a wavelength of 18 cm. Unfortunately, the VLBI array could
not fully resolve the radio structure of SN1979C, and we therefore determined
model-dependent sizes for the supernova and compared them with previous
results. We estimated the size of the supernova by using three different mod-
els: First, an optically thick, uniformly bright disk; second, an optically thin
shell of width 30% the outer shell radius; and third, an optically thin ring.
(We refer the reader to [10] for details of the modeling.) The best-fit model
was an optically thin shell model, which has an angular size of 1.80 milliarc-
seconds for the outer shell supernova radius, corresponding to a linear size
of ∼ 4.33 × 1017 cm. The combination of our VLBI observations (t ∼ 20 yr,
M02 in Fig. 1) and previous ones [1] (t ∼ 5 yr, B85 in Fig. 1), plus optical
observations [5] at t ∼ 14 yr (F99 in Fig. 1) allowed us to get an estimate of
the epoch at which the deceleration started. We estimate that the supernova
shock was initially in free expansion (m = 1.0) for the first 6 ± 2 yr and
then experienced a very strong deceleration, characterized by a value of the
deceleration parameter of m = 0.62.
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Fig. 1. Angular diameter of SN 1979C, in milliarcseconds, against time since ex-
plosion. The solid line indicates a possible expansion, which goes undecelerated
(m = 1) for the first five years, and strongly decelerated (m = 0.62) from then on.
See [10] for details.

If this deceleration is solely due to increased resistance from the circum-
stellar medium (CSM), the mass of the CSM swept up by the shock front,
Mswept, must be comparable to or larger than the mass of ejected hydrogen-
rich envelope, Menv. We estimate Mswept ∼ 1.6 M�, assuming a standard
density profile for the CSM (ρwind ∝ r−2). Momentum conservation argu-
ments then suggest that the mass of the hydrogen-rich envelope ejected at
explosion, Menv is no larger than about 0.9 M�. Those results favor a binary
star scenario for SN 1979C, as previously suggested (e.g. [21]). The low value
of the hydrogen-rich envelope suggests that the companion of the progenitor
star stripped off most of the hydrogen-rich envelope mass of the pre-supernova
star prior to the explosion, similar to the situation in SN 1993J.

Another point worth mentioning is the magnetic field in SN 1979C. If we
assume equipartition between fields and particles, one expects a minimum
magnetic field in the range of 10–80 mG to explain the observed level of radio
emission. Since the energy density of the wind magnetic field is not larger than
the kinetic energy density in the wind, it follows that Bw

<∼ (Ṁvw)1/2 r−1 for
a standard wind. Using a mass-loss rate of ∼ 1.2 × 10−4 M� yr−1 for the
progenitor of SN 1979C [9, 23] and a standard pre-supernova wind velocity
vw of 10 km s−1, we obtain Bw

<∼ 0.2 mG, which is a factor of 50–400 lower
than needed. Therefore, if particles and fields are not very far from equipar-
tition, then compression of the wind magnetic field due to the passage of
the supernova shock is not enough to explain the high magnetic fields in the
supernova, and another amplification mechanism must be acting. Turbulent
amplification, as seems to be the case of SN1993J [15], is likely the most
promising mechanism.
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3 SN 1986J

The type II SN 1986J exploded in the galaxy NGC891 (D ≈ 10 Mpc). Unlike
most supernovae, it was serendipitously discovered in the radio more than
three years after the explosion. Modeling of the existing observations set the
time of the explosion at the end of 1982 or the beginning of 1983 [17, 22]. The
supernova reached a peak luminosity at λ6 cm of about 8 times larger than
that of SN 1979C, and about 13 times larger than the peak for SN 1993J,
becoming one the brightest radio supernovae ever. Based upon its large radio
luminosity, the progenitor star was probably a red giant with a main-sequence
mass of 20− 30 M� that had lost material rapidly (Ṁ >∼ 2× 10−4 M� yr−1)
in a dense stellar wind [22].

VLBI observations made at λ3.6 cm at the end of 1988 showed a shell-
like structure for SN 1986J [2]. The authors claimed the existence of several
protrusions at distances of twice the shell radius, and with apparent expansion
velocities as high as ∼ 15000 km s−1. Since these protrusions were twice as far
as the mean radius of the shell, it then follows that the main bulk of the shell
expanded at roughly 7500 km s−1. Such protrusions have been successfully
invoked [4] to explain the coexistence of velocities smaller than 1000 km s−1

implied from the observed narrow optical lines [8, 17], and the large velocities
indicated from the VLBI measurements.

We used archival VLA and global VLBI observations of supernova 1986J
at λ6 cm, taken about 16 yr after the explosion, to obtain the images shown
in Fig. 2 (see [16] for a comprehensive discussion). The right panel corre-
sponds to the λ6 cm VLBI image of SN1986J. It shows a highly distorted
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shell of radio emission, indicative of a strong deformation of the shock front.
The apparent anisotropic brightness distribution is very suggestive of the
forward shock colliding with a clumpy, or filamentary wind. Note that there
are several “protrusions” outside the shell, though just above three times the
noise level and at different position angles from those previously reported [2].
Therefore, these protrusions could not be real, but must be just artifacts of
the image reconstruction procedure. If this is the case, the disappearance of
the protrusions seen in the previous VLBI observations [2] would imply a
change in the density profile of the circumstellar wind.

The angular size of the shell of SN 1986J on 21 February 1999 is ∼4.7
mas, corresponding to a linear size of 0.22 pc at the distance of SN 1986J.
Therefore, the average speed of the shell has decreased from around 7500
km s−1 at the end of 1988 down to about 6300 km s−1 at the beginning of
1999, indicating just a mild deceleration in the expansion of the supernova
(m ≈ 0.90). We find a swept-up mass by the shock front of ∼ 2.2 M� for
a standard wind density profile. This large swept-up mass, coupled with the
mild deceleration suffered by the supernova, suggests that the mass of the
hydrogen-rich envelope ejected from the explosion was as large as ∼ 12 M�.
This enormous value strongly indicates that the supernova progenitor likely
kept intact most of its hydrogen-rich envelope by the time of explosion, and
favors a single, massive star progenitor scenario for SN 1986J.

We found a minimum total energy for the supernova (at the epoch of our
VLBI observations) in the range (2 − 90) × 1048 erg, depending on the ratio
of the heavy particle energy to the electron energy. The corresponding values
for the magnetic field should then lie in the range (13 − 90) mG, while the
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Table 1. VLBI results for radio supernovae

SN 1979C SN 1986J SN 2001gd SN 1993J

Distance (Mpc) 16.1 ± 1.3 9.6 21.6? 3.63 ± 0.34

Time since explosion1(yr) ∼ 20.1 ∼ 16 <∼ 1 ∼ 8.6

(L/LSN 1993J)6cm peak ∼ 1.6 ∼ 13 ∼ 2 1

Optically thin phase? Yes Yes Likely yes Yes

Radio brightness structure Shell (likely) Distorted shell ? Smooth shell

Ṁ/10−5 M� yr−1 ∼ (12 − 16) ∼ 20 ? ∼ 5

Deceleration parameter (m) ∼ 0.62 ∼ 0.90 ? ∼ 0.82

tbreak (years) 6 ± 2 Not yet ? ∼ 0.5

Asymmetric expansion? No Yes ? No ( <∼ 5%)

Circumstellar medium ? Clumpy ? Approx. smooth

Mswept/Ṁ ∼ 1.6 ∼ 2.2 ? ∼ 0.4

Menv/Ṁ ∼ 0.9 ∼ 12 ? ∼ 0.6

Explosion scenario Binary Single ? Binary

Magnetic field amplification Turbulent? Turbulent? ? Turbulent?

1Time since explosion when the VLBI observations were carried out. The tabulated
entries below refer to that time.

circumstellar wind magnetic field cannot exceed ∼ 0.3 mG, i.e., it is 40 to
300 times smaller than necessary to explain the observed radio emission. As
in the case of SN 1979C, turbulent amplification seems the most promising
mechanism.

4 SN 2001gd

SN 2001gd was discovered on 24 November 2001 in the galaxy NGC 5033 [6],
but its exact explosion date is uncertain. A spectrum of SN 2001gd showed
the supernova to be a type IIb event well past maximum light [12]. The
spectrum was almost identical to one of SN 1993J obtained on day 93 af-
ter explosion [11]. The similarities of the optical spectra of SN 2001gd and
SN1993J drove us to observe SN 2001gd at the beginning of February 2002
with the VLA [18]. These and subsequent VLA observations confirmed the
suggestion that SN 2001gd was a SN 1993J-like event, displaying a λ6 cm
peak luminosity of about twice that of SN 1993J [19].

We carried out high resolution VLBI observations of SN 2001gd at
λ3.6 cm, aimed at resolving the supernova structure. Figure 3 shows the im-
age of SN 2001gd obtained from our VLBI observations on June 2002. Since
the VLBI observations did not resolve the radio structure of SN 2001gd, we
determined an angular size for the supernova using model-dependent esti-
mates. We used the same three models as for SN 1979C. However, none of
the models was favored at this stage and we only inferred an upper limit
on the expansion speed of the radio photosphere, which should lie in the
range ∼ 23000 km s−1 to ∼ 26000 km s−1 at the epoch of our observations
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(∼ 306 days after explosion) and for an assumed distance to the supernova
of 21.6 Mpc.

We plan to follow the evolution of this “twin” of SN 1993J via VLBI
observations of SN 2001gd, the first radio supernova for which such monitor-
ing is possible since the SN 1993J event in M 81. Those future observations
will likely allow us to determine the deceleration and degree of self-similarity
of the supernova expansion, constrain the range of density profiles for the
supernova progenitor and the pre-supernova wind, and disentangle its radio
emitting structure as it interacts with the circumstellar medium.

We summarize in Table 1 below the most remarkable results obtained
from VLA and VLBI studies conducted on the radio supernovae we have
discussed here and, for comparison, those obtained on SN1993J (see Alberdi
& Marcaide in these Proceedings).
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Summary. We summarize our results on multi-epoch VLBI observations of SN
1979C in the galaxy M100 in Virgo, and of SN 1986 in the galaxy NGC 891.
From t = 3.7 to 22 yr after the explosion, SN 1979C expands ∝ tm, almost freely,
with m = 0.95 ± 0.03. For a total kinetic energy of 3 × 1051 erg, the expansion
result requires a mass-loss to wind-velocity ratio for the progenitor of only 1 ×
10−5 M� yr−1per 10 km s−1, an order of magnitude smaller than estimated from
radio light-curve fitting. We show a first image with slightly discernible structure
of the supernova. For SN 1986J we present five images from 1987 to 2002 and show
our result on moderately to strongly decelerated expansion with m = 0.71 ± 0.11.
We comment on our result of an inversion of the radio spectrum in terms of the
emergence of a possible pulsar nebula.

The supernovae, SN 1979C [3] and SN 1986J [4] are, after SN 1993J , the
next most comprehensively monitored radio supernovae with VLBI to date.

SN 1979C: In Fig. 1 we show a radio image of M100 with SN 1979C
located at the southern edge of a spiral arm. We also show an image of SN
1979C at t = 22 yr after the explosion revealing for the first time structure,
namely along the minor axis of the beam. SN 1979C was the first supernova
whose radius and expansion could be determined with VLBI [2]. Our latest
results (Fig. 2) show an expansion of the size ∝ tm which is, with m =
0.95±0.03, almost consistent with being free. This result is in conflict with a
recent report of strong deceleration starting at t = 6±2 yr [5]. For our solution
for m, the ratio of the mass of the shocked ejecta to that of the swept up
wind, Mshock−ej/Msw = 7+13

−3 for a density profile of the circumstellar medium
(CSM) of ρCSM ∝ r−2. With the mass-loss to wind-velocity ratio taken from
radio light-curve fits of Ṁw/w = 1.6×10−4 M� yr−1 per 10 km s−1 [6], we
get Mshock−ej = 25+50

−10 M� at t = 22 yr. This value is excessively large.
In fact, with the velocity derived from the expansion curve, we get for the
kinetic energy of the shells of the shocked ejecta and the shocked CSM,
Ekin,shock = 1.5+3

−0.5×1052 erg. The total kinetic energy, including the kinetic
energy of the unshocked ejecta, is even larger, about a factor of three.

With the explosion energy for a type II supernova of ∼ 3×1051 erg, we can
assume a typical value for Ekin,shock of ∼ 1×1051 erg. We therefore think that
Ṁw/w ∼ 1×10−5 M� yr−1 per 10 km s−1. This value is about an order of
magnitude smaller than that estimated from radio light-curve fitting. Values
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Fig. 1. Left panel: VLA image of the spiral galaxy M100 in the Virgo cluster with
SN 1979C in it, at 1.7 GHz on 1996 March 15. Right panel: VLBI image of SN
1979C at 1.7 GHz on 2001 February 24. The beam (FWHM, 6.8 mas × 2.4 mas at
a p.a. of −14 deg) is shown at lower left. The grey scale is labeled in mJy beam−1.

Fig. 2. The expansion of the angular radius, θ, of a uniform sphere model fit to
the u-v data. The solid line gives the weighted least-squares power-law fit.

of Ṁw/w obtained from radio light-curve fitting should therefore be treated
with caution.

The Expanding Shock Front Method (ESM) of combining the transverse
radio expansion velocities with the radial optical velocities gives direct dis-
tance estimates, with standard errors, of 16.5±2.5 to 19.8±3.0 Mpc depend-
ing on whether the supernova has a bright center or is a shell without such
a center.
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Fig. 3. Left panel: VLA image of NGC 891 with SN 1986J in it, at 5 GHz on
1999 February 22. Right panel: VLBI image of SN 1986J at 5.0 GHz at epoch
2002 November 11. The beam is shown at lower left. The grey scale is labeled in
mJy beam−1. In addition, contours are drawn at −7.4, 7.4, 10, 15, 20, 25, 30, 40,
50, 70, and 90% of the peak brightness of 0.57 mJy beam−1.

SN 1986J: In Fig. 3 we show a radio image of the edge-on galaxy
NGC 891 with SN 1986J located prominently in the southwestern part of
it. We also show the latest image of SN 1986J at t = 20 yr, which reveals the
complex structure of the supernova.

The full sequence of one model and four subsequent images is displayed
in Fig. 4. The source structure is rather complex. It may be a composite with
large brightness modulations across the source and with protrusions. Apart
from an early high-resolution image [1], Fig. 5 gives the best indication so far
that some components of shell structure are present.

The radio spectrum (Fig. 6, left panel) is inverted above ∼ 10 GHz and
may indicate the emergence of a pulsar nebula. Perhaps component C1∗ in
Fig. 5 is a candidate for such a nebula. The expansion (Fig. 6, right panel)
is moderately to strongly decelerated with m = 0.71 ± 0.11. Note, that this
result is in conflict with that reported by [7].
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Fig. 4. One model (first panel, 1987 Feb., 10.7 GHz) and four images (1988 Sep.,
8.4 GHz; 1990 Jul., 8.4 GHz; 1999 Feb., 5.0 GHz; 2002, Nov., 5.0 GHz) of SN 1986J.
The heavier contour is that which contains 90% of the flux density. The brightness is
given on the right margin in each panel in mJy beam−1. The dynamically evolving
beam is given in the lower left.
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Fig. 5. VLBI image of SN 1986J at 5.0 GHz at epoch 1999 February 22. Contours
are drawn at −7.4, 7.4, 10, 15, 20, 25, 30, 40, 50, 70, and 90% of the peak brightness
of 1.64 mJy beam−1. The dotted circles indicate the inner and outer radii of a
spherical shell fit to the u-v data. Note, that the brightest portion of a projected
shell of uniform volume emissivity is along the inner circle. See [7] for an independent
analysis of our observations.

Fig. 6. Left panel: The radio spectrum of SN 1986J. The measurements in 1998
and 2002 were scaled to those of 1999. The dashed lines show the decomposition
into two spectral power-law components. Right panel: An expansion power-law fit
to all but the last measurements (from 90% flux density contours).
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Summary. We present and analyze spectra of the Type IIn supernova 1994W
obtained between 18 and 202 days after explosion. During the first 100 days the
line profiles are composed of three major components: (i) narrow P Cygni lines
with absorption minima at −700 km s−1; (ii) broad emission lines with blue ve-
locity at zero intensity ∼ 4000 km s−1; (iii) broad, smooth, extended wings most
apparent in Hα. These components are identified with the expanding circumstellar
(CS) envelope [5], shocked cool gas in the forward postshock region, and multiple
Thomson scattering in the CS envelope, respectively. The absence of broad P Cygni
lines from the supernova (SN) is the result of the formation of an optically thick,
cool, dense shell at the interface of the ejecta and the CS envelope. Models of the
SN deceleration and Thomson scattering wings are used to recover the Thomson
optical depth of the CS envelope, τT ≥ 2.5 during first month, its density (n ∼ 109

cm−3) and radial extent, ∼ (4−5)×1015 cm. The plateau-like SN light curve, which
we reproduce by a hydrodynamical model, is powered by a combination of internal
energy leakage after the explosion of an extended presupernova (∼ 1015 cm) and
subsequent luminosity from circumstellar interaction. We recover the pre-explosion
kinematics of the CS envelope and find it to be close to homologous expansion with
outmost velocity ≈ 1100 km s−1 and a kinematic age of ∼ 1.5 yr. The high mass
(≈ 0.4 M�) and kinetic energy (≈ 2× 1048 erg) of the CS envelope combined with
small age strongly suggest that the CS envelope was explosively ejected only a few
years before the SN explosion.
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Fig. 1. Spectra of SN 1994W: days 18-202. The spectra have been shifted vertically
for clarity. The ticks on the right hand side mark the zero level for each. The spectra
from day 79 and later have been multiplied by a constant, noted in brackets. Note
the change in relative intensity of the Balmer lines, a sign of temperature evolution.

1 Introduction

Type IIn supernovae are believed to arise from massive stars exploding into
a dense circumstellar environment. Often highly luminous, they offer us an
intriguing new window on the final stages of the progenitor’s evolution.

SN 1994W, discovered on 1994 July 29 in NGC 4041, was a luminous Type
IIn supernova whose light curve dropped dramatically at 110 days. The low
luminosity after this point has been used to derive a very low mass of nickel in
the ejecta (MNi <0.003 M�; [5]). In a forthcoming paper [2], we present and
analyze all the SN 1994W spectra and model the circumstellar interaction.

2 Observations

The spectra were taken between 1994 July and 1995 February using BFOSC
on the BAO 1.5-m telescope, the IDS on the Isaac Newton Telescope, ISIS
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Fig. 2. Selected line profiles. The left hand panel shows examples of narrow P
Cygni profiles, the middle panel shows broad lines (note the extended wings in Na i
on day 57), and the right hand panel shows the wings of the H i lines on day 31.
The dotted vertical lines mark velocities of 0 and −700 km s−1.

on the William Herschel Telescope (La Palma), the Kast spectrograph at
Lick Observatory’s Shane 3-m reflector, and the LDS at the Nordic Optical
Telescope on La Palma.

3 Spectral Evolution

No broad ejecta absorption lines are seen (Fig. 1). Together with high lumi-
nosity at maximum, this suggests an extended progenitor interacting with a
circumstellar (CS) envelope, and the presence of a cool dense shell (CDS),
which should form in SN II with extended envelopes [3, 4].

The spectra show persistent narrow P Cygni lines of H i with broad bases
(Fig. 2). Triangular profiles with vFWHM ∼ 2500 km s−1 are seen in He i and
Mg ii. Black body fits to the continuum show that the temperature declines
from 15000 K on day 31 to 7200 K on day 89. From day 121 onward, only
narrow emission lines are clearly seen.

We see broad lines with maximum velocity 4000 km s−1, which we take
to be the expansion velocity of the CDS. We think the broad lines come from
Rayleigh-Taylor fingers from the interface of the radiative forward shock and
the CS envelope (Fig. 3). The persistent, narrow P Cygni lines with maximum
blue velocity 1100 km s−1 indicate the maximum velocity of the circumstellar
envelope, which is overrun by the ejecta at 110 days. Broad wings on H i,
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(photosphere)

Fig. 3. A visualization of SN 1994W at around day 30. The SN ejecta is bounded by
an opaque cool dense shell (CDS), which is responsible for the continuum radiation.
The broad line region is a narrow mixing layer attached to the CDS, made up of
Rayleigh-Taylor fragments of the CDS matter and possibly of shocked CS clouds.
The SN ejecta expands into a dense CS envelope with Thomson optical depth of
order unity. The CS envelope is responsible for both narrow lines and the extended
Thomson wings seen in Hα.

and nearly inverse Balmer decrement on day 31 point to a high optical depth
for Thomson scattering, from which we estimate that the density in the CS
envelope is as high as ∼ 109 cm−3.

4 Light Curve Models

We model the broad band light curves using the multi-energy group radi-
ation hydrodynamic code STELLA. The best fit model is for a 1.5 × 1051

erg explosion, MNi =0.015 M� and Mej = 7 M� ejecta, with circumstellar
envelope extending out to Rout = 4.5 × 1015 cm (Fig. 4). A similar model,
with the same bulk mass but no CS envelope, fails to reproduce the bright
plateau up to 110 days.

5 Hα Profile Model

We have also modeled the evolution of the Hα line profile. The CS envelope
is ionized by radiation from the forward shock, leading to line emission from
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Fig. 4. Light curves for a model of SN 1994W characterized by E = 1.5×1051 erg,
MNi = 0.015 M� and Mej = 7 M�.

recombination and collisional excitation. Our best fit is for a model with free
expansion in the CS envelope and a boundary velocity of 1100 km s−1. This
suggests a mass ejection ∼1.5 yr before explosion.

Some SN IIn seem to be due to interaction with a superwind. SN 1994W,
on the other hand, like SN 1995G [1], seems instead to have been preceded
by a violent ejection event shortly before explosion, perhaps due to a Ne flash
[1, 6].
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Summary. We present extensive radio observations of SN2003L, the most lumi-
nous and energetic Type Ic radio supernova with the exception of SN 1998bw. Using
radio data, we are able to constrain the physical parameters of the supernova, in-
cluding the velocity and energy of the fastest ejecta, the temporal evolution of the
magnetic field, and the density profile of the surrounding medium. We highlight
the extraordinary properties of the radio emission with respect to the supernova’s
normal characteristics within optical bands. We find that although the explosion
does not show evidence for a significant amount of relativistic ejecta, it produces a
radio luminosity which is comparable to that seen in the unusual SN1998bw. Us-
ing SN2003L as an example, we comment briefly on the broad diversity of type Ic
properties and the associated implications for progenitor models.

1 Introduction

Despite active campaigns to study radio emission from type Ib/c supernovae,
only a small number of events have been successfully detected. Among the
class of radio bright supernovae is SN1998bw, an unusually bright type Ic
discovered within the error box of the nearby gamma-ray burst GRB 980425.
Reaching a peak radio luminosity ∼ 100 times higher than all other radio
bright type Ib/c supernovae (SNe), it has been proposed that SN1998bw was
powered by a central engine, similar to the popular model for gamma-ray
bursts (GRBs) [3].

In this paper we present observations of the first radio bright type Ib/c
supernova with energetics comparable to those shown in SN1998bw. SN2003L
was optically discovered on 2003 Jan 12.15 UT [2] and spectroscopically iden-
tified on 2003 Jan 25.0 UT [5, 8]. The supernova was seen to bear strong
resemblance to the typical type Ic SN1994I at maximum light, showing low
average expansion velocities of 5900 km/s as derived from the Si II line.
The optical lightcurve peaks at mV ≈ 16 which places SN2003L among the
brightest optical type Ic’s observed to date.
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Fig. 1. Radio lightcurves for type Ic SN 2003L at 8.5, 15., and 22.5 GHz for the
time period 2003 Jan 26 - 2003 Aug 15 UT.

2 Observations with the VLA

On 2003 Jan 26.23 UT we detected a radio transient coincident with the op-
tical position of SN2003L. We subsequently initiated an intense radio moni-
toring campaign at the Very Large Array (VLA) to trace the evolution of the
radio emission from the supernova. Data were taken in standard continuum
observing mode with a bandwidth of 2×50 MHz centered on frequencies 8.5,
15.0 and 22.5 GHz. Flux density measurements were derived using calibra-
tor 3C286 and phase referenced against calibrators J1118+125, J1120+134,
and J1103+119. Data were reduced using standard packages within the As-
tronomical Image Processing System (AIPS). At 8.5 GHz (our most densely
sampled light-curve) typical flux uncertainties were ∼ 60 µJy for an average
integration time of 10 minutes. The results of our radio monitoring campaign
of SN2003L are summarized as Fig. 1. These observations demonstrate a
broad spectrum, similar to that observed for SN 1998bw.

3 Robust Constraints

Here we discuss the constraints imposed by the radio observations for
SN2003L. As a preliminary constraint on the total energy of the source,
we estimate the brightness temperature (Tb) of the supernova and compare
it with the robust constraints imposed by equipartition arguments and the
inverse Compton catastrophe (ICC). From [6], the brightness temperature is
defined as a function of the observed flux density, the peak frequency, and
the angular size of the source. As an initial estimate for the physical size of
the SN ejecta, we first assume the optical expansion velocity of 5900 km s−1

[8] can be used as an average speed to describe the motion of the radio bright
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ejecta. Using an approximate explosion date of 2003 Jan 1 UT based on op-
tical light-curves [7], we estimate the shock radius to be r ≈ 4.3 × 1015 cm
at t ≈ 85 days when the observed flux density peaked at 8.5 GHz. Using the
observed peak flux of F8.5 GHz ≈ 2.8 mJy and adopting a source distance
of 91.7 Mpc (ΩM = 0.27, ΩΛ = 0.73, H0 = 71 km s−1 Mpc−1), we find
a brightness temperature of Tb ≈ 1.8 × 1012 K which is dangerously near
the ICC limit of Tb < 1012 K. This suggests that the radio ejecta expanded
with a velocity significantly higher than that observed at optical frequencies.
In fact, an ejecta velocity of ∼ 16, 000 km s−1 (∼ 3 times larger than that
derived from optical spectroscopy) would be necessary to avoid violating the
ICC constraint.

Assuming equipartition of energy places a further constraint on the bright-
ness temperature limit and reduces it to Tb < 5× 1010 K. Using the equipar-
tition arguments of [6] and [3], we derive the minimum energy for the radio
supernova. Assuming that the observed radio flux is produced by synchrotron
emission, the total energy of the source (U) can be expressed as the sum of
the energy in relativistic electrons (Ue) and the energy in the magnetic field
(UB). At equipartition, the fraction of total energy in electrons equals the
fraction of total energy in magnetic fields (εe = εB = 1) and the total energy
is minimized at Ueq [6]. This occurs when the emitting source reaches an
equipartition radius denoted by the angular size, θeq. The minimum energy
of the source can be thus be parameterized in terms of the synchrotron peak
flux and the equipartition size.

Using our most densely sampled light-curve, we fit for the peak flux (Sp)
over the observed ∼ 200 day evolution and find Sp ≈ 2.8 mJy at νp = 8.5 GHz
on 2003 Mar 27 UT (≈ 85 days since explosion). For this epoch we estimate
an angular size θeq ≈ 19µas (with β ≈ −1.0) which implies an average shock
velocity of v ≈ 0.1c and an equipartition brightness temperature of Tbeq ≈
5.0 × 1010 K. By setting U = Ueq we find the energy is minimized at the
equipartition value of Ueq ≈ 4.3× 1047 erg with an associated magnetic field
strength of Bpeq ≈ 0.6 G. As shown by [6], synchrotron emission systems
which diverge from equipartition necessitate a huge increase in total energy.
Consequently, it is possible that the total energy contained within the fast
moving ejecta of SN2003L is in fact much larger than 4.3 × 1047 ergs.

These preliminary constraints allow us to make two robust conclusions:

1. The velocity of the radio bright SN ejecta must be at least 16, 000 km s−1

to avoid violating the inverse Compton catastrophe limit and ∼ 30, 000
km s−1 assuming equipartition.

2. The energy of the supernova must be > 4.3×1047 erg and could be signif-
icantly larger depending on the proximity of the system to equipartition.

These conclusions imply that there was a considerable amount of energy re-
leased at high velocities in the type Ic supernova explosion of SN2003L. In
fact, these equipartition constraints alone demand that SN2003L is among the
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Fig. 2. The diversity of peak luminosities and observed time of the peak is shown
above for all radio bright type Ib/c supernova. By assuming equipartition, the
expansion velocity for each event can be estimated (dashed lines). Note the radio
ejecta of SN2003L is relatively slow and luminous.

most energetic type Ib/c supernovae observed to date, second only to the un-
usual event of SN1998bw/GRB980425. Fig. 2 is a compilation of all the radio
bright type Ib/c supernovae observed to date. By comparing the peak radio
luminosity to the observed time of peak flux, the diversity in equipartition
derived expansion velocities can be examined. Note that although SN2003L
peaks later, it is among the brightest radio supernovae.

4 Implications and Physical Parameters

Assuming equipartition values of εB = εe = 1 and adopting synchrotron
self-absorption as the dominant absorption process, we determine the tem-
poral evolution of the total energy and radius of the ejecta for SN2003L. For
observations spanning t = 25 − 200 days, the total energy increases from
E ≈ 3.0 × 1047 to 1.1 × 1048 ergs. Over the same period, the shock radius
scales as r ∝ t0.67 from r ≈ 1.45 × 1016 to 5.0 × 1016 cm. Assuming an ex-
plosion date of 2003 Jan 1 UT, the average velocity decreases from v ≈ 0.22c
to 0.10c. In comparison to SN1998bw where it was observed that v ≈ c, it is
clear that SN 2003L does not have a significant amount of material moving at
relativistic speeds. However, the total energy within the radio bright ejecta
remains quite high at ∼ 10% that of SN1998bw (on similar timescales) and
10 − 100 times greater than other radio supernovae.
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Using the values derived for the total energy and radius, we predict the
magnetic field decreased from B ≈ 0.75 G to 0.23 G over the period t = 25−
200 days. We find an temporal evolution of B ∝ t−0.63, such that B ∝ r−0.93.
Extrapolating, we find B(t) ≈ 10 G at r ≈ 1015 cm. For comparison, type
IIb SN1993J exhibited a similar evolution with B ≈ 60 G at r ≈ 1015 cm
and a radial scaling of B(r) ∝ r−1.

Environmental properties can also be predicted based on our radio obser-
vations. From 25 days to 200 days, we find that the electron density, ne(t),
drops by a factor of ∼ 10 from ne ≈ 340 cm−3 to 36 cm−3. Expressed in terms
of a radial dependence, ne ∝ r−1.8; similar to the density profile expected
from a massive stellar wind, ne ∝ r−2. This was also seen in the case of
SN1998bw/GRB980425 [4], although solid evidence for a wind environment
has yet to be detected for the majority of observed gamma-ray bursts.

Directly coupled to the electron number density is the mass loss rate, Ṁ of
the progenitor star. For an assumed stellar wind velocity of w = 103 km s−1,
we find a roughly constant mass loss rate of Ṁ(t) ≈ 5 × 10−6M� yr−1. This
is ∼10 percent larger than values derived for SN1998bw and SN2002ap, of
Ṁ(t) ≈ 2.5 × 10−7 and 5 × 10−7M� yr−1, respectively [1, 4]. It should be
noted that these rates are consistently smaller than the predicted mass loss
rate for Wolf-Rayet stars (Ṁ(t) ≈ 10−4 − 10−5M� yr−1), which are thought
to be the progenitors of type Ic supernovae.

5 Discussion

Although the constraints provided by equipartition arguments are robust,
they are also preliminary. The extensive radio data set for SN2003L warrants
a full modeling effort to accommodate the effects of multiple absorption pro-
cesses including synchrotron self-absorption and free-free absorption. Results
from our radio modeling study of SN2003L will be presented along with exten-
sive broadband data for this event [7]. We will show that the highly energetic
supernovae SN2003L is becoming one of the best studied radio supernovae
to date, thereby offering new insights on the diversity of cosmic explosions.
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Summary. Supernova 2001ig in NGC 7424 has been observed with the Australia
Telescope Compact Array at ∼2 week intervals since its discovery, making this the
best-studied Type IIb radio supernova since SN 1993J. We present radio light curves
for frequencies from 1.4 to 20GHz, and preliminary attempts to model the observed
behavior. Since peaking in radio luminosity at 8.6 and 4.8 GHz some 1-2 months
after the explosion, SN 2001ig has on at least two occasions deviated significantly
from a smooth decline, indicative of interaction with a dense circumstellar medium
and possibly of periodic progenitor mass-loss.

1 Introduction

On the evening of 2001 December 10, the Rev. Robert Evans found his 39th
supernova from his home in the Blue Mountains, west of Sydney [4]. SN 2001ig
lies in the outskirts of the SAB(rs)cd galaxy NGC 7424, at a distance of
11.5 Mpc [17]. Early optical spectroscopy with the 6.5 m Baade Telescope by
Matheson and Jha [8] highlighted several similarities between SN 2001ig and
the Type IIb SN 1987K [5]. In the months following, the spectral evolution
of SN 2001ig began to resemble more and more that of the “prototypical”
Type IIb SN 1993J, as the H recombination lines faded [2, 3], and eventually
disappeared [6].

During a Director’s Discretionary Time observation, SN 2001ig was de-
tected by the ACIS-S instrument on board the Chandra X-ray Observatory
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on 2002 May 22 UT. A total of 30 counts was recorded in 23400 sec of inte-
gration, corresponding to a 0.2-10.0 keV luminosity ∼ 1038 erg s−1 [14].

Since its commissioning, the Australia Telescope Compact Array (ATCA)1

has played a leading role in the monitoring of several supernovae at ra-
dio wavelengths, most notably SN 1987A [16], SN 1978K [11, 13], and
SN 1998bw/GRB980425 [22]. As SN 2001ig was too far south to allow ef-
fective monitoring with the Very Large Array (VLA) in its most compact
(D) configuration at the time, we commenced observations with the ATCA
within a week of its discovery, and have been following it on a regular basis
since then.

2 Radio Light Curves

Our first ATCA observations of SN 2001ig over 6 hours on 2001 Dec 15
UT yielded a positive detection at 8.64 GHz, and a marginal detection at
4.79 GHz [12]. On 2001 Dec 31 UT, we detected SN 2001ig using a proto-
type 18.8 GHz receiver system on just three ATCA antennas. Observations
have been carried out with a 128 MHz bandwidth, centered on the primary
frequencies of 8.64, 4.79, 2.37, and 1.38 GHz, supplemented by some higher
frequency data from both the ATCA and the VLA. The primary flux calibra-
tor for the ATCA data is PKS B1934-638, while the source PKS B2310-417
serves as the secondary gain and phase calibrator. The primary beam around
SN 2001ig happens to include an adjacent background source just 20′′ away,
which has also proved useful for gain calibration when phase stability was
poor, or hour-angle coverage limited. Fig. 1 presents our entire dataset up to
2003 March 16.

The radio “light curve” of a supernova typically proceeds through three
phases – a rapid turn-on, with a spectral index which is inverted (α = 2 or
steeper, where Sν ∝ να) due to absorption along the line-of-sight; followed by
a peak in the flux density, firstly at the higher frequencies; then a more grad-
ual decline in the optically-thin phase, with a non-thermal spectral index. By
the end of February 2002, SN 2000ig had already peaked at frequencies of
8.64 GHz and 4.79 GHz. However, in early March, the fluxes at these two fre-
quencies jumped by a factor of 2, and remained almost constant for the next
two months, before resuming their decline. In August 2002, there was an-
other short but significant pause in the decline. Similar, but less-pronounced
deviations are also apparent in the data at 2.37 and 1.38 GHz.

Superimposed on Fig. 1 are model fits to the multi-frequency dataset,
based on the “minishell” model of [1], as parameterized by [21]:

1 The Australia Telescope is funded by the Commonwealth of Australia for oper-
ation as a National Facility managed by CSIRO.
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Fig. 1. Radio “light curves” for SN 2001ig at frequencies of 22.5/18.8 GHz (cir-
cles, solid line); 8.6 GHz (crosses, dashed line); 4.8 GHz (squares, dash–dotted line);
2.4 GHz (triangles, dotted line); and 1.4 GHz (diamonds, dash–triple dotted line).
The curves are model fits to the data, as described in the text.
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Here K1 is the flux density, K2 and K3 the attenuation by a homogeneous,
and a clumpy absorbing medium respectively, at a frequency of 5 GHz one
day after the explosion date t0; α is the spectral index; β the rate of decline in
the optically-thin phase; while δ and δ′ describe the time dependence of the
optical depths in the homogeneous, and clumpy circumstellar medium (CSM)
respectively. By constraining the model fits using only the data leading up
to the high-frequency turnover, as well as the late-time decay, we can at
least compare the global characteristics of this event with those of the best-
studied Type IIb supernova, SN 1993J (Table 1, [19]). We note that despite
the temporary “boosts” in the radio flux, the overall rate of decline β in
SN 2001ig is still much faster than SN 1993J. Furthermore, while the model
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Fig. 2. Deviations of the observed flux of SN 2001ig about the best-fit model. The
symbols are the same as in Fig. 1. The solid line is a 4-point boxcar average of the
mean deviation over all frequencies at each epoch.

Table 1. Comparison of radio light curve model parameters.

Parameter SN 2001ig SN 1993J

K1 (mJy) 2.47 × 104 1.36 × 104

α −1.07 −1.05
β −1.50 −0.88

K2 1.13 × 102 9.14 × 102

δ −1.94 −1.88
K3 1.26 × 105 8.33 × 104

δ′ −2.69 −2.26
L5 GHz peak (erg s−1 Hz−1) 3.5 × 1027 1.4 × 1027

correctly predicted a 5 GHz peak luminosity twice that of SN 1993J, it was
not actually attained until after day 100.

3 Periodic Mass-loss

Bumps and dips in the radio light curve can arise from modulations in either
the optical depth, or the CSM density structure (both of which are coupled
to some extent) via enhanced mass-loss. Throughout all these events, the
spectral index α is relatively unaffected, which leads us to favor the latter
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mechanism. A constant α implies that the percentage change in flux is the
same at all frequencies, and this is illustrated in Fig. 2 on which is plotted
the fractional deviation of the observed flux density from the best-fit model
curves in Fig. 1, as a linear function of time. Fig. 2 also highlights an apparent
periodicity in CSM density enhancements, with the shock wave reaching the
peak of the first at t ∼150 days, a second peak near 300 days, and hints of
a third peak between 400 and 500 days. For an ejecta expansion velocity of
15000 km s−1 and a stellar wind velocity of 10 km s−1, this would imply a
series of shells ∼ 0.006 pc apart, ejected every 600 years or so. This is much
longer than standard stellar pulsation timescales, but is not inconsistent with
the period between thermal pulses (C/He shell flashes) in 5 − 10 M� AGB
stars [7].

Only SN 1979C has shown such regular structure in its radio light curve
[20], though these variations eventually ceased [10]. The proposed explanation
was modulation of the red supergiant progenitor wind due to eccentric orbital
motion with a 4000 year period about a massive companion. Acceleration of
the progenitor near periastron would result in wind density enhancements
superimposed on a pinwheel-like CSM structure, which can account for the
periodicity in the radio emission [15]. However, the variations will only be
pronounced if the orbital plane is viewed from close to edge-on, which would
then naturally account for why so few supernovae display such regular vari-
ations in their radio light curves.

Direct evidence for the existence of binary-generated spiral shocks comes
from near-infrared aperture-masking interferometry on the Keck I telescope
of the Wolf-Rayet stars WR 104 [18] and WR 98a [9]. Both sources show
pinwheel-shaped nebulae, which are attributed to dust forming where the
stellar winds of the WR star and an OB-type companion collide, then splaying
outward. These sources may represent local, compact analogs of the CSM
structure that is currently being swept up by the expanding blast wave from
SN 2001ig.

Acknowledgement. We are grateful to the staff of the ATNF Paul Wild Observatory
for their assistance with the ATCA observations.
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Summary. SN 2002bo, a type Ia supernova in NGC 3190, is the first object of
the European Supernova Collaboration (ESC). It was discovered on 09 March 2002
and is one of the earliest observed SNe. An almost complete set of spectra and
photometry is available from 13 days before maximum B light until a few days
after. An analysis using synthetic spectra is presented, focusing on the controversial
issue of the reddening of SN 2002bo.

1 Introduction

Thermonuclear (type Ia) supernovae are believed to originate from the ther-
monuclear disruption of a white dwarf composed of carbon and oxygen. It is
generally accepted that when the degenerate mass reaches the Chandrasekhar
limit (1.4 M�), explosive carbon ignition occurs and burning to nuclear statis-
tical equilibrium ensues, forming mostly radioactive 56Ni. This decays to 56Co
and hence to 56Fe, emitting γ-rays and positrons which power the observed
optical display of the SN. Intermediate-mass nuclei, e.g. 28Si, are produced
in the outer, lower-density regions. These elements give rise to the typical
observed spectra of SNe Ia, which are dominated by lines of Fe, Si and S.
Improving our understanding of SNe Ia is important because they offer in-
sight to astrophysical processes under extreme conditions and are of great
use to measure cosmological distances. Theoretical models must be tested
and constrained through comparison with observed light curves and spectral
evolution. Modeling very early spectra is a powerful tool to determine certain
parameters, e.g. the epoch, since parameters change significantly and quickly
at that time. They not only yield information about the physical properties of
the SN ejecta, such as temperature, chemical composition, etc., but also they
can be used to verify observational-based estimates of parameters such as
reddening, distance and epoch. Here we focus in particular on the reddening
estimate.
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2 Modeling

We use a Monte Carlo code originally developed by Abbot and Lucy [1] to
treat multi-line transfer in the expanding envelopes of hot stars. This code
was further developed and adapted to SNe by Mazzali and Lucy [3, 4, 5]. It
uses as input a model of the explosion (ρ v. v), the emergent luminosity L, the
epoch t (time since explosion), the estimated velocity of the photosphere vph

and a set of abundances. The SN envelope is divided into a number of shells.
Homologous expansion is assumed and the temperature in the various shells
is computed assuming radiative equilibrium. The Sobolev approximation is
adopted and all the radioactive decay and fast-electron energy is deposited
below a sharply-defined radius, the “photosphere” (Schuster-Schwarzschild
approximation). This energy is distributed equally among packets, which
represent “collective photons”. Each packet is characterized by a specific
frequency and propagates through the envelope where it can interact with
electrons and atoms. Interaction with electrons is treated as scattering, while
if a packet is absorbed by a line it is re-emitted in one of the allowed downward
transitions. The packet is assigned a new frequency and a random direction
and the MC procedure continues until the packet either escapes the ejecta
or is absorbed back in the photosphere. Finally, the emergent spectrum is
computed using the formal integral [3].

The observations of SN 2002bo are discussed by Benetti et al. in this book.
Here, we present and discuss synthetic spectra for two different epochs. In
view of the somewhat unusual properties of SN 2002bo (e.g. the high velocity
of several lines at early epochs), we computed models for the earliest spectrum
(13 days before maximum) to determine whether or not the outer abundances
are peculiar. We also computed models for a spectrum observed near max-
imum light in order to check the consistency of our results. We adopted a
distance modulus µ = 31.67. The density structure was taken from the W7
model [6], and so were the initial abundances, which are assumed to be uni-
form above the momentary photosphere. The radius of the “photosphere”, the
emergent luminosity and the abundances were adjusted within a reasonable
range until the best match for each spectrum was achieved.

We consider first the early (–13 d) spectrum. In order to constrain the
epoch and the reddening we computed a grid of models, varying the epoch
between 4 and 7 days post-explosion and the reddening E(B − V ) between
0.00 and 0.45. From this grid we derived best-match values of t = 5± 1 days
post-explosion and E(B − V ) = 0.30. Thus the maximum-light spectrum
corresponds to an epoch of 18 ± 1 days post-explosion. With a higher red-
dening of E(B − V ) = 0.45, the best (but poorer) match was achieved with
an epoch of 6±1 days post-explosion. Since the observations indicate a value
viz. E(B−V ) = 0.43±0.10, we conservatively adopt E(B−V ) = 0.30±0.15,
and computed models with both E(B − V ) = 0.45 and 0.30.

Figure 1 shows this spectrum plus the two models. The best match to the
data was obtained using a bolometric luminosity of log10L = 41.94 [erg s−1] at
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Fig. 1. Spectrum of SN 2002bo 12.9 days before maximum.

a photospheric radius of vph = 15450 km s−1 in the low-reddening (l-r) model.
The high-reddening (h-r) model is computed with log10L = 42.13 [erg s−1]
and vph = 15100 km s−1. The luminosity is in good agreement with the
observation, which predict log10L ≈ 42.12 [erg s−1]. These luminosities lead
to radiation temperatures at the photospheric radius of TR = 9710 K (h-r)
and TR = 9420 K (l-r). TR is the result of six iterations determining the
temperature structure in the ejecta and is influenced by the “backwarming”
effect, i.e. photons are scattered back into the photosphere and heat it up.
This difference in temperature certainly affects the ionization structure and
therefore the emergent spectra significantly. Ca is reduced to 1/10 of its initial
value in the h-r model, whilst in the l-r one a reduction to 1/4 is sufficient. All
abundances of the iron group elements are significantly lower (≈ 10% of the
initial values), but here the h-r model needs larger amounts due to the higher
temperature. The IME are changed only slightly. The overall reduction of
most elements causes a increased O abundance (≥ 70%).

Shortward of ∼6500 Å both models reproduce the main features of the
data quite well. We examine some of the more prominent features, starting at
the shortest wavelengths. We note first that a characteristic of the h-r model
is that a higher temperature is required to reproduce the flux in the blue
part of the spectrum. This, in turn, tends to increase the ratio of doubly-
to singly-ionized species. To reproduce the deep MgII 4481 Å absorption at
4300 Å, a higher Mg abundance is required in the h-r higher temperature
model to compensate for the smaller fraction of singly-ionized Mg. The deep,
broad absorption feature at ∼4800 Å is produced mostly by FeII lines. In
the h-r model this requires an Fe abundance of 0.02 in the outer parts of
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Fig. 2. Spectrum of SN 2002bo 0.1 days after B maximum.

the ejecta, but in the l-r model these drop to 0.015. Thus we see that higher
abundances of Mg and Fe are required in the h-r model. In contrast, although
the deep absorption feature at ∼5400 Å, attributed to SII 5640 Å, is equally
well reproduced in both models, we need a somewhat higher S abundance
in the l-r model (0.05 compared to 0.03). We ascribe this to the smaller
fraction of ionized S at this lower temperature compared to the h-r model.
However, when we consider Si, very serious difficulties for the h-r model
become apparent. We find that in this model, most of the Si is ionized to SiIII,
making it impossible to reproduce the depth of the SiII 5972 Å line. For the
l-r model to reproduce the absorption features due to SiII 5972 Å, 6355 Å, a
relative abundance of Si of 0.12 by mass at high velocities (v ≥ 15400 km s−1)
is required. Since W7 predicts no Si at this velocity this supports the possible
explanation of mixing, but the corresponding low-velocity O is not observed
at later epochs. Alternatively, it may suggests that O was at least partially
burned to Si even in the outer layers. At longer wavelengths, both models
produce a large excess of flux. This is due to the limitation of the Schuster-
Schwarzschild approximation which is used in the code. In the red part of
the spectrum, where line opacity is low, the photosphere actually lies at a
greater depth than is estimated in the code, and consequently the model
overestimates the flux.

We turn now to the near-maximum spectrum (Fig. 2). The photospheric
radius drops to 9750 km s−1 for the h-r model and to 9000 km s−1 for the
l-r one. The photospheric luminosities are 43.27 [erg s−1] and 43.03 [erg s−1],
respectively. Therefore again the h-r model has a higher temperature (TR =
13420 K) compared to the l-r model (TR = 12760 K). Both models have
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problems fitting the region around 4300–4500 Å, which is mostly dominated
by SiII lines. In both cases we need a high Si abundance (62.1% for the h-r
model and 66.7% for the l-r one, respectively) indicating that the part of
the ejecta with velocities near 10,000 km s−1 is dominated by IME. As with
the earlier epoch, in the h-r model almost all Si is doubly ionized. While
this results in the absorption of the 6355 Å line being slightly too shallow,
the most dramatic difficulty is that the 5958 Å line is completely absent.
Moreover, this model produces a rather strong SiIII 4567 Å absorption (near
4400 Å) which is not present in the data at all. These problems are much
reduced in the l-r model although the persistence of a weak absorption due
to SiIII 4567 Å in the model suggests that E(B − V ) could be even smaller
than 0.30. As with the early-epoch spectrum, both models overproduce the
flux longward of ∼6500 Å, with the h-r model being the most discrepant. The
observed absorption at 7500 Å might be identified as OI 7771 Å. However,
even with an unphysically high O abundance we cannot reproduce this feature
since the high temperature ionizes all the neutral O. The CaII absorption at
∼3750 Å due to the 3933,68 Å H and K doublet matches the observation very
well, whilst the absorption at ∼8200 Å due to the ∼8500 Å IR triplet has
the correct strength, but it is superposed on a continuum that is too high.
The match is somewhat better in the l-r model. In general, we find that the
difficulties caused by the high reddening are even larger at this epoch.

We conclude that modeling of both epochs suggests a reddening value
E(B − V ) = 0.30. This is significantly smaller than the value derived from
the Lira relation [E(B − V )L = 0.43]. This is indicated by the line ratios,
line depths, overall shape of the spectra and the model abundances. Apart
from the reddening problem, the abundances and spectral features of the
models confirm that SN 2002bo was a normal SN Ia. The model-derived
explosion epoch of –18 ±1 days is consistent with the rise-time derived from
our photometry using the Riess et al. procedure, and with the average value
for SNe Ia given by Riess et al [7, 8]. It will be very interesting to see how
the various elements are distributed throughout the ejecta. These aspects
are being investigated and will be discussed in a separate analysis using an
improved version of the MC code, including abundance stratification.
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Summary. Detailed, multi-frequency radio observations of supernovae have shown
that the radio emission can be understood as a blastwave interacting with a struc-
tured circumstellar medium (CSM) and modeling of the radio light curves allows
estimation of the physical conditions in this medium. CSM structures, properties of
the presupernova system, and the evolution of the system in the last stages before
explosion can then be derived.

1 Introduction

Since 1970, the study of radio emission from extragalactic supernovae has
resulted in the detection of thirty-four objects; 24 Type II of various sub-
classes, no Type Ia supernovae, 9 Type Ib and Ic, plus one object, SN1982aa
for which there is no optical type established [10]. These detections were
among the 155 supernovae studied by mid 2003. Almost all of these detections
were made in the past 20 years using the Very Large Array (VLA)1 radio
telescope.

Out of this extensive study of the radio emission from supernovae, several
general observations can be made:

* type Ia SNe are not radio emitters to the detection limit of the VLA;
* type Ib/c SNe are radio luminous with steep spectral indices (generally

α < −1; S ∝ ν+α) and a fast turn-on/turn-off, usually peaking at 6 cm
near or before optical maximum;

* type II SNe show a range of radio luminosities with flatter spectral indices
(generally α > −1) and a relatively slow turn-on/turn-off, usually peaking
at 6 cm significantly after optical maximum;

* type Ib/c may be fairly homogeneous in some of their radio properties
while type II, as in the optical, are quite diverse.

1 The VLA telescope of the National Radio Astronomy Observatory is operated by
Associated Universities, Inc. under a cooperative agreement with the National
Science Foundation.
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Fig. 1. Cartoon, not to scale, of the SN and its shocks, along with the stellar wind
established circumstellar medium (CSM), the interstellar medium (ISM), and more
distant ionized hydrogen (HII) absorbing gas. The radio emission is thought to arise
near the blastwave front. The expected locations of the several absorbing terms in
(1)–(10) are illustrated.

From the radio data it is possible to classify the properties of supernovae
and to develop and test models for the radio emission which match the light
curves. Among the results that come out of this work are estimates of the
density and structure of the circumstellar material around supernovae, the
density evolution of the presupernova stellar wind, and insight into the last
stages of stellar evolution before the explosion.

2 Parameterized Light Curves for Radio Supernovae

The common characteristics that need to be incorporated in a radio supernova
(RSN) model are:

* Nonthermal synchrotron emission with high brightness temperature;
* A decrease in absorption with time, resulting in a smooth, rapid turn-on

first at shorter wavelengths and later at longer wavelengths;
* A power-law decline of the flux density with time at each wavelength after

maximum flux density (optical depth ∼ 1) is reached at that wavelength;
* A final, asymptotic approach of the spectral index α (S ∝ ν+α) to an

optically thin, nonthermal, constant negative value [12, 13].

The characteristic RSN radio light curves (see, e.g., Fig. 2) arise from the
competing effects of slowly declining non-thermal radio emission and more
rapidly declining thermal or non-thermal absorption yielding a rapid turn-
on and slower turn-off of the radio emission at any single frequency. Since
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absorption processes are greater at lower frequencies, transition from optically
thick to optically thin (turn-on) occurs first at higher frequencies and later
at lower frequencies. After the radiation is completely optically thin and
showing the ongoing decline of the underlying emission process (turn-off), the
non-thermal spectrum causes lower frequencies to have higher flux density.
These two effects cause the displacement in time and flux density of the
light curves at different frequencies. Chevalier [1, 2] has proposed that the
relativistic electrons and enhanced magnetic field necessary for synchrotron
emission arise from the SN blastwave interacting with a relatively high density
circumstellar medium which has been ionized and heated by the initial UV/X-
ray flash.

Weiler et al. [12, 13] and Montes et al. [5] adopted a parameterized model
which has been updated in Weiler et al. [17, 18] to the following form:

Fν(mJy) = K1

( ν

5 GHz

)α
(

t − t0
1 day

)β

e−τexternal

(
1 − e−τCSMclumps

τCSMclumps

)
×(

1 − e−τinternal

τinternal

)
(1)

with

τexternal = τCSMhomog + τdistant, (2)

where

τCSMhomog = K2

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ

(3)

τdistant = K4

( ν

5 GHz

)−2.1

(4)

and

τCSMclumps = K3

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ′

(5)

with K1, K2, K3, and K4 determined from fits to the data and correspond-
ing, formally, to the flux density (K1), homogeneous (K2, K4), and clumpy
or filamentary (K3) absorption at 5 GHz one day after the explosion date
t0. The terms τCSMhomog and τCSMclumps describe the attenuation of local,
homogeneous circumstellar medium (CSM) and clumpy CSM that are near
enough to the SN progenitor that they are altered by the rapidly expanding
SN blastwave. The τCSMhomog absorption is produced by an ionized medium
that completely covers the emitting source (“homogeneous external absorp-
tion”), and the (1 − e−τCSMclumps )τ−1

CSMclumps
term describes the attenuation

produced by an inhomogeneous medium (“clumpy absorption”; see [8] for a
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Fig. 2. Top (2a): type Ib SN1983N at 6 cm (4.9 GHz; open circles, solid line) and
20 cm (1.5 GHz; stars, dashed line). Bottom (2b): type Ic SN1990B. at 3.6 cm (8.4
GHz; open circles, solid line), 6 cm (4.9 GHz; stars, dashed line), and 20 cm (1.5
GHz; open squares, dash-dot line).

more detailed discussion of attenuation in inhomogeneous media). The τdistant

term describes the attenuation produced by a homogeneous medium which
completely covers the source but is so far from the SN progenitor that it is not
affected by the expanding SN blastwave and is constant in time. All external
and clumpy absorbing media are assumed to be purely thermal, singly ionized
gas which absorbs via free-free (f-f) transitions with frequency dependence
ν−2.1 in the radio. The parameters δ and δ′ describe the time dependence
of the optical depths for the local homogeneous and clumpy or filamentary
media, respectively.
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The f-f optical depth outside the emitting region is proportional to the
integral of the square of the CSM density over the radius. Since in the simple
Chevalier model the CSM density (constant mass-loss rate, constant wind
velocity) decreases as r−2, the external optical depth will be proportional to
r−3, and since the blastwave radius increases as a power of time, r ∝ tm with
m ≤ 1 (i.e., m = 1 for undecelerated blastwave expansion), it follows that
the deceleration parameter, m, is

m = −δ/3. (6)

The model by Chevalier [1, 2] relates β and δ to the energy spectrum of the
relativistic particles γ (γ = 2α− 1) by δ = α− β − 3 so that, for cases where
K2 = 0 and δ is, therefore, indeterminate, one can use

m = −(α − β − 3)/3. (7)

Since it is physically realistic and may be needed in some RSNe where
radio observations have been obtained at early times and high frequencies,
Eq. (1) also includes the possibility for an internal absorption term. This
internal absorption (τinternal) term may consist of two parts – synchrotron
self-absorption (SSA; τinternalSSA), and mixed, thermal f-f absorption/non-
thermal emission (τinternalff ).

τinternal = τinternalSSA + τinternalff (8)

τinternalSSA = K5

( ν

5 GHz

)α−2.5
(

t − t0
1 day

)δ′′

(9)

τinternalff = K6

( ν

5 GHz

)−2.1
(

t − t0
1 day

)δ′′′

(10)

with K5 corresponding, formally, to the internal, non-thermal (να−2.5) SSA
and K6 corresponding formally to the internal thermal (ν−2.1) free-free ab-
sorption mixed with nonthermal emission, at 5 GHz one day after the ex-
plosion date t0. The parameters δ′′ and δ′′′ describe the time dependence
of the optical depths for the SSA and f-f internal absorption components,
respectively.

A cartoon of the expected structure of an SN and its surrounding media
is presented in Fig. 1 (see also [4]). The radio emission is expected to arise
near the blastwave [3].

3 Radio Supernova Light Curves

The success of the basic parameterization and modeling is shown in the good
agreement between the model fits and the data for all subtypes of RSNe. The



142 Richard A. Sramek et al.

Fig. 3. Top (3a): type II SN1979C at 2 cm (14.9 GHz; crossed circles, solid line), 6
cm (4.9 GHz; open squares, dash-dot line), and 20 cm (1.5 GHz; open stars, dotted
line) Bottom (3b): type II SN1980K at 6 cm (4.9 GHz; open squares, solid line),
and 20 cm (1.5 GHz; open stars, dashed line).

observed data and the best fit model for the radio light curve of a Type Ib
supernova, SN1983N [9] is shown in Fig. 2a; the radio light curve for a Type
Ic supernova, SN1990B [11] is shown in Fig. 2b. For Type II supernovae, the
data and model light curves are shown for SN1979C in Fig. 3a [7, 14, 15] and
for SN1980K in Fig. 3b [6, 16]. Evidence for structure in the circumstellar
medium can be seen in the optically thin, later portions of these latter two
light curves. After day ∼ 4000, the radio emission from both SN1979C and
SN1980K deviates from the simple model and SN1979C shows a sinusoidal
modulation in its flux density prior to day ∼4000.
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Thus, the radio emission from SNe appears to be relatively well under-
stood in terms of blastwave interaction with a structured CSM as described
by the Chevalier [1, 2] model and its extensions by [5, 12, 13, 18].

Acknowledgement. KWW wishes to thank the Office of Naval Research (ONR) for
the 6.1 funding supporting this research. Additional information and data on radio
supernovae can be found on http://rsd-www.nrl.navy.mil/7213/weiler/ and linked
pages.
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Summary. Radio and X-ray studies of young supernovae probe the interaction
between the supernova shock waves and the surrounding medium and give clues
to the nature and past of the progenitor star. Here we discuss the early emission
from type Ic SN 2002ap and argue that repeated Compton boosting of optical
photons by hot electrons presents the most natural explanation of the prompt
X-ray emission. We describe the radio spectrum of another type Ic SN 2003dh
(GRB030329) obtained with combined GMRT and VLA data. We report on the
low frequency radio monitoring of SN 1995N and our objectives of distinguishing
between competing models of X-ray emission from this SN and the nature of its
progenitor by X-ray spectroscopy. Radio studies on SN 2001gd, SN 2001ig and SN
2002hh are mentioned.

1 Introduction

The association of long duration gamma-ray bursts (GRBs) with core collapse
supernovae is by now established with SN 2003dh (GRB030329) [7]. Obser-
vational evidence supports the viewpoint that GRBs are energetic explosions
like supernovae occuring in star formation regions and a large fraction of
their energy is directed in relativistic jets. Supernovae are known to be ex-
plosions of massive (and intermediate mass) stars, although the nature of the
progenitor stars for varied supernova types remains an open subject.

A supernova explosion from the core collapse of a massive star drives a
powerful shock wave into the circumstellar medium (CSM) of the progeni-
tor. The shock wave with a speed approximately 1000 times larger than the
speed of the progenitor star’s wind quickly probes the circumstellar medium
established by the wind lost over many thousands of years before the explo-
sion. Relativistic electrons and magnetic fields in the interaction region give
rise to nonthermal radio emission. The interaction of a supernova shock with
its surrounding medium produces X-ray emission probing the environment.
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Multi-waveband studies from radio and X-ray bands thus provide a handle
on the past history of the parent star and the nature of the interaction region.
Fingerprinting the exploded ejecta composition through X-ray spectroscopy
[14] can give clues to the mass of the exploding star (e.g. in SN 1998S [11]).

In this paper, we discuss several supernovae: SN 2002ap – a “hypernova”
of type Ic associated with GRBs that had no GRB counterpart; another
type Ic “hypernova” SN 2003dh which was associated with GRB030329; and
several other supernovae such as: SN 2001gd, SN 2001ig and SN 2002hh. We
also mention how upcoming X-ray spectroscopic studies of SN 1995N will
help discriminate between the sites of observed X-ray emission.

2 Hypernova SN 2002ap: Nature of its X-ray Emission

SN 2002ap showed early (“prompt”) X-ray and radio emission. It was a
nearby (7.3 Mpc) and optically bright (V = 14.5 upon discovery by Y. Hi-
rose as in [10]) supernova. The broad spectral features in the optical (thus the
name “hypernova”) and a subsequent modeling of its spectroscopic and pho-
tometric data ([9]) suggested that it was energetic: Eexpl ∼ 4− 10× 1051 erg.

XMM-Newton observed SN 2002ap with the EPIC X-ray cameras and
the Optical Monitor for ∼ 34 ks on Feb 2.0 – 2.4, 2002 UT, (day five after
estimated explosion date Jan 28.0, 2002). A presupernova exposure of the
field by Chandra X-ray Observatory on Oct. 19, 2001 revealed the presence
of a nearby source about 14′′.9 away from the supernova, and the contribution
of this source was taken into account in our measurement of the day 5 SN
X-ray flux: 1.07+0.63

−0.31×10−14 erg cm−2 s−1 (0.3−10 keV) (see [13] for details).
Because the SN was very faint, both thermal bremsstrahlung model (NH =
4.9 × 1021 cm−2, kT = 0.8 keV) and a simple power law model (NH =
4.2 × 1021 cm−2, spectral index α = 2.6) fit the sparse data equally well.

The earliest radio detection of SN 2002ap was 4.5 days after the explosion,
in the VLA 8.46 MHz band, and the frequency of the peak radio flux declined
from 8.46 GHz to 1.43 GHz over a period of 10 days from the explosion date
[1]. SN 2002ap was observed with the GMRT at 610 MHz 8.96 days after
explosion and yielded 2σ upper limit of 0.34 mJy on Feb 5, 2002 [13]. The
wavelength dependence of the radio turn-on shifting to longer wavelengths
can be due to either free-free absorption or synchrotron self-absorption in
the expanding circumstellar matter overlying the interaction region. We have
fitted the VLA and GMRT data on 2002 Feb. 5.96 (day 8.96) to a SSA model,
with spectral index α = −0.8 in the optically thin limit, implying that the
radius of the radio photosphere on this day was Rr = 3.5 × 1015 cm and the
magnetic field in the shocked ejecta was B = 0.29 G. The SSA prediction of
flux at 610 MHz band is consistent with the GMRT upper limit.

The measured flux density of the SN 2002ap on day 5 corrected for absorp-
tion: Fν versus ν from the radio bands to the X-ray band is shown in Fig. 1.
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A single power-law with the spectral index α = −0.9 (from the radio spec-
trum) implies a flux density of only 58 picoJansky at 1 keV (corresponding to
5×10−16 ergs−1cm−2 over the effective bandwidth) and fails to reproduce the
observed X-ray flux. A synchrotron radiation spectrum from a single popula-
tion of relativistic electrons produces a power law spectrum with a steepening
beyond the cooling frequency. For the relevant parameters determined from
radio frequency spectral fits, this break should occur in the optical region.
A spectrum with such a break (Fig. 1) makes the observed radio and X-ray
flux densities even more discrepant than that with a constant α = −0.9.

The observed X-ray flux by XMM-Newton could have been accounted
for by the thermal free-free emission (bremsstrahlung). However, with the
reported high ejecta velocity ( v ≥ 20, 500 km s−1 on day 3.5) the implied
temperature of the shocked ejecta and the circumstellar matter a flat tail
of high energy photons upto about 100 keV would have resulted [6] (only a
limited cool absorbing shell may have been present at this stage). By con-
trast, the observed X-ray emission is quite soft (e.g. thermal bremsstrahlung
temperature TB = 0.8 keV). Even the reverse shock produced X-ray emis-
sion would be quite hard compared with observed colors unless the density
gradient of the ejecta is extremely steep, normally not found for relevant
progenitors.

The most natural explanation of the observed X-ray flux and spectral fea-
tures is the (repeated) Compton scattering of hot electrons off optical photons
from the photosphere at Teff ≥ 104 K. Detailed Monte Carlo simulations of
the repeated Compton scattering have been performed by [12]. The Compton
flux is approximately related to the optical flux by [3, 6]:

FCompton
ν ∼ τeFopt

ν (νo/ν)γerg s−1cm−2Hz−1

where the optical depth and the energy index are:

τe =
ṀσT

4πmpRsuw

(
1 − Ropt

Rs

)
; γ(γ + 3) = −mec

2

kTe
ln

[τe

2
(0.9228 − lnτe)

]
We note that on day 5 the unabsorbed X-ray and optical flux densities

derived from XMM and ground based observations imply a multi-waveband
power-law index γ = 2.5−2.8 (somewhat steeper than the XMM-band index
γXMM ∼ 1.6) and a logarithm of the ratio of flux densities of ≈ 7.4. Typical
electron temperature required of Comptonizing plasma is Te = 1.5 − 2 ×
109 K for optical depths in the range τe = 4 − 25 × 10−4 for progenitor
scenarios such as Wolf-Rayet stars or interacting binaries involving Roche
lobe overflow from a helium star. Such temperatures are well within the range
of hot circumstellar gas even for the modest velocities of 16, 000 − 20, 000
km s−1.
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Fig. 1. Left: Multi-wave plot for 2002ap. Dashed line shows the cooling break.
Right: SN1995N GMRT 1420MHz contour labels overlayed on ROSAT HRI grey
image.

3 SN 1995N, SN 2003dh and Other Supernovae

SN 1995N was a type IIn supernova that exploded in the galaxy MCG-2-
38-017. We have detected SN 1995N a number of times with the GMRT.
Its low frequency radio flux is very slowly declining (1420 MHz band flux:
4.5± 0.75 mJy on 8 Nov 2000 and 4.2± 0.2 mJy on 21 Sep 2002; in 610 MHz
band 3.3±0.35 mJy on 16 Sep 2002). Of the 19 supernovae [8] that have been
detected in the X-ray bands SN1995N appears at the high end of the X-ray
luminosity (∼ 1×1041 ergs−1 [5]). There is indication of short term variations
of its X-ray luminosity in the ROSAT and ASCA observations. The ROSAT
HRI X-ray image is overlaid with the GMRT 1400 MHz band radio map of
the region around SN 1995N in Fig. 1. Here the cross on the lower right is
the position of the supernova while that on the left is the center of the host
galaxy. The question of variation of its X-ray flux will be addressed by our
Chandra/XMM observations in the current cycle. X-ray line-widths can also
distinguish between the models of emission by 1) ejecta gas struck by the
reverse shock [3] or 2) the radiative cooling of shocked dense clouds crushed
by the strongly shocked circumstellar wind [4]. Nucleosynthetic fingerprinting
through X-ray spectra will assist in determining the progenitor star mass.

In contrast, SN 2003dh was an energetic type Ic supernova (a hypernova,
with an large expansion velocity ∼ 36, 000±3000 km s−1 and estimated total
isotropic energy release ∼ 9 × 1051 erg) that was spatially and temporally
coincident with a GRB030329 at a redshift of z = 0.1685. We observed SN
2003dh with the GMRT in the 1280 MHz band and on June 17, 2003 in the
610 MHz band. The image of the region containing the SN is shown in Fig. 2.
The flux of the SN was 2.1±0.13 mJy in the 1280 MHz band on 13 Jun 2003.
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Fig. 2. Left: GMRT 1280MHz image of 2003dh & Right: SSA (solid) and FF (dash)
fits to the VLA (rectangle)& GMRT (1280MHz: cross, 610 upper limit: circle).

The SN flux at 610 MHz in the Feb 2004 observation is 1.16± 0.29 mJy. We
have combined our data with VLA measurements reported by Berger et al. [2]
(June 4.01, 2003); the resultant spectrum is shown in Fig. 2. The spectrum is
consistent with both free-free and synchrotron self-absorption (SSA) models.
For the SSA model, the best fit parameters are: R = 2.26 × 1017 cm and
B = 0.13 G. This is a relatively high field for the radio emission region since
for other supernovae like SN 1998bw fields such as these are encountered
much earlier.

In the GMRT 1420 MHz band observations, SN 2001gd (IIb) brightened
marginally from 3.2± 0.3 mJy (22 Sep 2002) to 3.6± 0.2 mJy (15 Nov 2002)
while SN 2001ig (also type IIb) dimmed between 14.5±0.4 mJy (25 Sep 2002)
to 9.5 ± 0.3 mJy (14 Nov 2002). The 1400 MHz flux of SN 2002hh (type II)
on 27 Dec 2002 was 1.4 ± 0.24 mJy.
Acknowledgement. We thank the staff of XMM-Newton and GMRT (NCRA-TIFR)
that made these observations possible.
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Summary. In this paper are summarized the main advances of the last years in the
field of SN spectra . The arguments against a monodimensional sequence for SNIa
are discussed as well as the efforts to improve the temporal and spectral coverage of
this kind of SNe, with the aim to understand the physics of the explosions for their
use as cosmological distance indicators. Although variety is the main character of
core-collapse SNe, we have been recently surprised by both exceptionally under-
and over-energetic explosions. The main properties of these two extreme subclasses
are here reviewed.

1 Introduction

Spectra provide most of the physical information on supernovae. Their early
analysis has shown a variety of forms and evolutions. Indeed the identification
of different spectral lines reveals the presence of several different ions in the
layers above the photosphere, suggesting the existence of various progenitors
and explosion models. Spectra also allow us the direct determination of the
physical conditions of the emitting regions, while the line profiles provide the
kinematics.

Supernova spectra evolve rapidly: the effective temperature and expan-
sion velocity decrease, and the spectral lines change. Indeed, because of the
expansion, the photosphere recedes into the ejecta and different layers are
progressively exposed. In this way the analysis of SN spectra taken at dif-
ferent epochs allows us, at least in principle, to make the tomography of the
exploding stars and to reconstruct their entire structures. A major limitation
is that spectral features in SN spectra are generally blended due to the large
expansion velocities and the full information can be extracted only with the
use of complex spectral modeling which try to deal in a consistent way the
luminosity, abundances, stratification, temperature, velocity and time evolu-
tion.

In general, the light from SNe is traveling for several megaparsecs before
reaching the observers thus contains information on the circumstellar, inter-
stellar and intergalactic matter it has passed through. In principle, high reso-
lution spectroscopy might allow us to determine the distribution and physical
conditions of the intervening medium and, in turn, the total reddening and
extinction suffered by the light.
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Finally, in the recent years spectral observations on faint, distant of SNIa
have provided sufficiently accurate redshifts which, once coupled with the
photometry, have inspired a new vision of the Universe we are living in.

This review discusses a number of hot topics concerning SN spectra while
reference is given to other reviews for the detailed description of the properties
and evolution of various spectral types [13, 57, 59].

2 A Spectral Sequence for SNIa ?

SNIa explode in all types of galaxies, in ellipticals as well as in spirals, but
in the latter are not closely associated with the spiral arms as other SN
types. The spectra are characterized by lines of intermediate mass elements
such as Ca, O, Si and S during the peak phase, and by the absence of H
at any time. With age the contribution of the Fe lines increases and several
months past maximum the spectra are dominated by [Fe II] and [Fe III]
lines. The overall homogeneous spectroscopic and photometric behavior has
led to a general consensus that they are associated with the thermonuclear
explosions of white dwarfs [5].

During the last decade a new scenario for the SNIa has been progressively
developed. In particular, a correlation between the peak luminosity and the
shape of the early light curve was found, with brighter objects having a rate of
decline slower than dimmer ones [44, 45, 46, 47]. An analogous spectroscopic
sequence has been found [41], according to which the absolute magnitude of
SNIa and, in turn, the rate of decline, is correlated to R(SiII), the ratio of
the depths of two absorption features at 5800 and 6100 Å, usually attributed
to Si II. Synthetic spectra modeling indicates that most of the spectral dif-
ferences are caused by variations in the effective temperatures, likely due to
different amounts of 56Ni produced in the explosions. The finding that fainter
SNe show slow expansion velocities both at early [4] and later epochs [54] is
consistent with such scenario.

In first approximation all SNIa can be accommodated into such one-
parameter sequence which can be regarded as a sequence of explosion
strengths. Within such scheme fit the bright, slowly declining SN 1991T,
which did not exhibit Si II or Ca II absorption lines in the premaximum
spectra but had a normal behavior starting one month after maximum, and
the faint, intrinsically red and fast declining SN 1991bg, which showed a slow
expansion velocities and a deep trough around 4200 Å produced by Ti II.

In the last years, however, new findings have challenged such a monopara-
metric sequence. Hatano et al. [22] have shown that the R(SiII) does not
correlated with the photospheric velocity deduced from the Si II λ6355 ab-
sorption, as one would expect, and propose the existence of two or more ex-
plosion mechanisms as possible explanation for the lack of correlation. Also,
a recent reanalysis [3] has shown that while the R(SiII) vs. ∆m15 relation
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holds for ∆m15 ≥ 1.2, at smaller values it breaks down, thus questioning the
correspondence between spectroscopic and photometric parameters.

A number of objects have now good sequences of spectra, some starting
very early after the explosion, which make possible to study the temporal
evolution of R(SiII). It is found that before maximum R(SiII) exhibits a
dramatic evolution with opposite trends for various objects [3].

Moreover, objects with similar decline rates can show different spectral
features, especially before maximum. In Fig. 2 the spectra of four objects
taken about one week before B maximum are compared. The spectrum of
SN 2000E (∆m15 = 0.94 mag (100d)−1) shows noticeable differences with
respect the two SNe at the bottom, having the same decline rates, but is
very similar to that of SN 1990N (∆m15 = 1.05). Not only it differs from
that of SN 1991T (∆m15 = 0.94) which is well known for not displaying
at this epoch the characteristic Si II line but shows disturbing differences
with the normal SN 1999ee (∆m15 = 0.92). In particular, the profile of the
Si II 6355λ line is definitely broader in SN 1999ee indicating the presence
of Si II at high velocity. Also the SiII 4130λ line, which can be used for
classifying high redshift SNe as type Ia, is nearly washed out. Note also that
the analysis of the Ca II IR triplet of SN 1999ee before maximum (Mazzali
private communication) requires high velocity material in analogy to what
found for 2001el [53].

Two other odd SNIa are 2000cx and 2002cx which do not fit into any
photometric and spectroscopic sequence still showing the main characteristics
of type Ia SNe [30, 31].

3 Trends in SNIa Spectroscopy

More and better data are required to clarify which parameters govern the
SNIa explosions and to validate the proposed progenitor scenarios. To solve
these questions large collaborations have born which have as immediate goal
the intensive, multiwavelength monitoring of nearby SNIa.

Examples of such intensive monitoring are the studies of SNe 1999ee [19]
and 2002bo [3], for which the rise to maximum has been sampled daily start-
ing about two weeks before maximum. The analysis of these spectra has
allowed the discovery of strong time evolutions of the ratio R(SiII) with indi-
vidual behaviors for each SNIa (cf. Fig. 9 of Benetti et al. [3]), as mentioned
above.

These two objects have been extensively monitored spectroscopically also
in the infrared. The comparative analysis with the IR spectra of SN 1994D
[39] at about day −8.5, +11.1 and +29.4 confirms that the overall spectro-
scopic homogeneity among normal SNe Ia extends to the IR-domain, with
small variations. Spectral synthesis on the spectra of SN 2002bo favors the
MgII identification for the 10800Å line and that of SiII 16910Å and MgII
16760/800 Å(with the SiII dominant) for the broad P-Cygni profile observed
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Fig. 1. Comparison of the spectra of SNe 2000E (∆m15 = 0.94 mag (100d)−1),
1990N (∆m15 = 1.05), 1999ee (∆m15 = 0.92), 1991T (∆m15 = 0.94), taken about 1
week before maximum light. They have been corrected for extinction and reported
to the parent galaxy rest frame.

at ∼16000Å. On the contrary, major differences are visible when the compar-
ison is made with peculiar objects, e.g., the faint SN 1999by [23], especially
because of the presence of strong C I and O I lines.

The optical and the IR spectra of SNIa [19] shows different behaviors:
1) while the optical spectrum before maximum is dominated by strong P
Cygni profiles of intermediate-mass elements, such as Ca II, Si II, Mg II, S
II, the IR is characterized by a smooth, almost featureless continuum; 2) the
lines of iron group elements, such as Co II, Fe II and Ni II, emerge in the
IR as soon as one week past maximum, definitely earlier than in the visual.
This supports the suggestion [51] that the IR photosphere recedes rapidly to
the center of the supernova, while at optical wavelengths the greater opacity
arising from the higher spectral density of lines keeps the photosphere at
higher velocities. At the longer wavelengths the overall emission increases
after maximum light as a result of a shift in ionization to lower ionization
species, which have greater emissivity in the near IR. It appears, therefore,
that the J-band deficit is due to the relative absence of lines in the 12000
Å region, rather than increasing opacity, and that the secondary maxima
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exhibited by the IR light curves are due to the increasing release of energy
through lower optical depth IR transitions. The prominent postmaximum
emission features displayed by SNe 1999ee and 2002bo in the H and K bands
lend support to this scenario [19].

A new powerful tool for understanding the nature of SNIa is spectropo-
larimetry. SNIa polarization is usually very small, hence difficult to measure.
In most cases only upper limits have been provided, in others polarization
of the order of 0.2–0.3% (corresponding to an asphericity of ∼10%) has been
detected before maximum light, likely due to a distorted photosphere or el-
ement distribution. Such asphericity may cause a directional dependence of
the luminosity and a corresponding dispersion in the brightness-decline rela-
tion of SNe Ia. Although this may not jeopardize the use of SNIa as distance
indicators, it might intrinsically limit the accuracy reachable via SNIa.

Very interesting spectropolarimetric data have been collected for special
SNIa. High polarization (0.7%) was found in the subluminous SN 1999by
[24], which may suggest a relation between the observed asymmetry and the
mechanism that produces this kind of under energetic SNIa. The high velocity
components (v∼ 25000 km s−1) of the CaII IR triplet observed in SN 2001el
have shown a polarization of about 0.7%, much higher than the continuum
(0.2%) indicating that kinematically and geometrically distinct features can
exist in SNIa [58]. High signal–to–noise data for more objects are definitely
needed in order to understand if these asymmetries are the rule in SNIa, and
to get insights on the geometry of the precursor systems.

A special case is that of SN 2002ic, the first SNIa for which H has been
unequivocally detected [20]. Indeed both the light curve and the spectral line
appearance points toward a strong interaction of the SN ejecta with a dense
CSM. At the early phase the characteristic spectrum of a SNIa seemed veiled
by a strong continuum. With time the spectrum evolved to resemble those of
SNe 1997cy and 1999E, which are commonly considered as SNIIn [17, 48, 56].
Also the profile of the Hα emission requires at least two components with
different widths to provide a reasonable fit. It has, therefore, been suggested
that some SNIIn are the outcome of thermonuclear explosions rather than
core collapses. Despite the early claim that these observations were a proof
that the progenitor system of SN 2002ic was a binary consisting of a C/O
WD and an AGB star [20], it may well be that it is the result of the merging
of a WD with the core of an AGB star, and that the H we observe was
previously ejected during a common envelope phase [32]. The rarity of such
an event and the large amount of H required favors the latter hypothesis. A
polarization of p ≥ 1% [28] has been detected also in SN 2002ic.

4 Core Collapse Supernovae

Stars of initial mass larger than about 8 M� undergo the collapse of the core
after burning H, He, C, Ne, O, Si. From such collapse a SN usually results.
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Fig. 2. Spectral evolution of low–luminosity SNII. The objects and the days after
the estimated epochs of explosions are marked on the right. In the bottom panel
are marked the corresponding epochs on a schematic light curve.

Core collapse SNe can vary considerably in luminosity, spectral lines and
time evolution. The main parameter governing the observed diversity is the
envelope mass [40]. Stars retaining H will display the lines of this element
during their entire evolution and are called SNII. If the H mass is large (10−15
M�) the release of the energy deposited by the shock in the envelope and
by the recombination can sustain the luminosity for months, producing the
so-called SNII Plateau. If the envelope is less massive (1 − 2 M�), stripped
by a companion or lost by stellar wind, the SN quickly fades producing the
so–called SNII Linear.

In both cases the spectrum evolves from a very blue, featureless continuum
short after the burst (color temperature higher than 104 K) to one dominated
by H and He in a few days. Then, as the temperature continues to fall, other
low excitation lines of Na I, Ca II, Fe II, Sc II appear, all with P–Cygni
profiles. Subsequently, as the entire star becomes transparent and the light
curve settles onto the radioactive tail, the spectrum enters the nebular phase,
dominated by Hα and forbidden emission lines of [O I], [Ca II], [Fe II] and
Mg I].

After SN 1987A, the best studied (but somehow atypical) object, whose
detailed spectral observations provided evidences of clumps and mixing in the
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ejecta [21, 50] as well as of dust formation [9], other SNII have been studied
extensively. An interesting case is SN 1999em [1, 11, 18, 29]. The analysis
of the Hα structure at photospheric epoch revealed non spherical ejection of
56Ni, while the transformation of the [O I] 6300 λ line profile around day
500 showed that dust formed earlier and at lower velocity than in SN 1987A,
probably because of the lower temperature due to a smaller amount of 56Ni
ejected. It appears, therefore, that these phenomena are common in core
collapse SNe, though with distinctive characteristics for each object.

Core–collapse SNe which have lost most of their H and even most, or all,
their He envelope, are called SNIb and Ic, respectively. Indeed the transition
between SNII and SNIb, and between SNIb and SNIc is not sharp. SN1993J,
celebrated with this Conference, is the best example (but not the only one)
of a SN transforming with age from a type II to a type Ib SN, i.e. from one
dominated by H to one dominated by He, with only residual H lines. For this
reason it is called of type IIb [14].

At a deep scrutiny, H has been found in the spectra of other SNIb.
SN 2000H is a remarkable case, but Branch et al. [7] have shown that tiny
differences in the H mass can vary the optical depths of H lines and make
the transition from type IIb to type Ib SNe. Similarly, an increasing number
of SNIc show evidence of He, e.g., SN 1990B, SN 1987M and even the proto-
typical SN1994I [8, 12]. Again, it appears that moderate difference in the He
mass can explain the spectroscopic difference between typical SNIb and SNIc
[7]. Different is the case of SN 1999cq, in which He with expansion velocity
much slower than other lines, points to the interaction of the ejecta with a
dense shell of almost pure He originating from stellar wind or mass transfer
to a companion [33].

4.1 News on Core Collapse SN Spectra

In the last years new light on the lower end of the luminosity function of
SNII has been shed [42, 60]. SN1997D showed from discovery unprecedented
properties. The expansion velocity deduced from the displacement of the
absorption was extremely low and the continuum intrinsically red. Moreover,
the luminosity was very low both at discovery and in the nebular stage,
indicating the ejection of a very little amount of 56Ni [55].

Four new objects with similar properties have been recently added [42].
Although the observations of individual objects are erratic and incomplete,
because hampered by the faintness of the SNe, taken together these data show
a common evolutionary path. Fig. 2 summarizes the spectroscopic evolution:
during the first 50 days (spectra 1 and 2) the spectra change from a continuum
dominated by Balmer lines to a more complex appearance with strong Na I,
Ba II and Ca II. The expansion velocities, lower than in normal SNII, decrease
from 5000 to 3000 km s−1. During the second half of the plateau (spectra
3 and 4) these peculiarities strengthen significantly: the absorption troughs
move to even lower velocities, down to 1000 − 1500 km s−1, the continuum
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becomes redder and low excitation lines of Ba II, Sc II, Fe II, Sr II and
Ti II appear. In particular, the Ba II lines become the strongest features of
the entire spectrum, even stronger than Hα. During the post plateau decline
(spectrum 5) the transition to the nebular phase begins and forbidden lines
(e.g., [Ca II] 7291–7323 Å) emerge. The spectra of the latest epochs (6 and 7)
resemble those of normal SNII, with the usual (though narrower) emissions
of Hα, Na I, [O I], [Ca II], [Fe II], Mg I].

Pastorello et al. [42] conclude that low–luminosity CC–SNe are similar to
typical CC–SNe in having a clear plateau, lasting for ∼100 days, followed by
a late–time decline driven by the decay of 56Co, and typical spectral lines at
all phases. However, they keep distinctive characteristics in that: 1) during
the plateau phase the luminosity is at least a factor 10 times less than in
typical CC-SNe; 2) the expansion velocity is unusually low at all epochs; and
3) the mass of 56Co which drives the late-time tail is at least a factor ∼10
lower than normal.

Important advances have been obtained also at the opposite extreme,
i.e. for luminous and energetic SNe, often called hypernovae. In particular,
large interest have received a number of SNe associated to GRBs. The first
and best studied case is SN 1998bw which coincided in time and space with
GRB980425 [15] and was a powerful radio and X-ray emitter. In the optical
most of its peculiarity stayed in the unprecedented broadness of the spectral
features corresponding to expansion velocities of the ejecta as high as 3×104

km s−1 at maximum light [43]. The high kinetic energy together with the high
luminosity indicated an explosion energy of about 5 × 1052 erg, if spherical
symmetry is assumed [25]. Detailed spectral modeling [6, 25, 27, 36] has
shown that the apparent emissions, which at maximum peaked around 5000,
6300 and 8500 Å, were actually low opacity regions of the spectra from which
photons could escape. Lines of Si II, O I, Ca II and FeII have been identified,
as well as He I 10830 Å.

Only during the nebular phase SN 1998bw reentered into the conventional
taxonomical scheme with [O I], Mg I], [Fe II], [Ca II] emissions which con-
firmed the early hypothesis that it was a peculiar case of SNIc. Also in the
nebular phase the lines were unusually broad (9800± 500 km s−1 on day 201
[43]).

After SN 1998bw several other hypernovae have been recognized, some
were SNIc bearing strong resemblance to SN 1998bw but with smaller KE
(1997ef, 1997dq, 1999as, 2002ap [26, 27, 34, 37]), other were SNIIn (1997cy
and 1999E [17, 48, 56]), which displayed narrow Hα on the top of broad
wings and broad light curves, clear indications of ejecta-CSM interaction.
For some of them the possible association with GRB has been claimed but
no firm conclusion was reached. Other cases of possible SN-GRB association
have been reported on the basis of ‘bumps’ detected in the light curves of
GRB afterglows. The early spectroscopy of these bumps was intriguing but
not conclusive [10, 16].
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Excitement mounted when, short before this Conference, spectra of the
rebrightening of the afterglow of the nearby GRB030329 (z=0.1685) were
secured [35, 52]. Already one week after the burst a SN spectrum, with emis-
sions at approximately 5000 and 4200 Å, was detected and it dominated
over the power-law continuum few days later (day ∼ 11). This SN, named
2003dh, resembled, both as spectral evolution and light curve, SN 1998bw at
the corresponding epoch from the associated GRB. A more accurate analysis
and spectral modeling suggested that SN 2003dh was intermediate between
SN 1998bw and SN 1997ef, as to kinetic energy and 56Ni production [38] and
pointed out the need for asymmetric explosions. Whatever the physics of the
explosion, this new example provides solid evidence that at least some GRBs
arise from core-collapse SNe and opens new frontiers in the SN research.

Acknowledgement. This research is supported in part by the European Commu-
nity’s Human Potential Programme under contract HPRN-CT-2002-00303, and
grant Cofin 2001021149 of the Italian Ministry of Education, University and Re-
search.
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Optical Spectroscopy of Type Ia Supernovae
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Summary. The supernova (SN) group at the Harvard-Smithsonian Center for As-
trophysics has been using the facilities of the F. L. Whipple Observatory to gather
optical photometric and spectroscopic data on nearby supernovae for several years.
The collection of spectra of Type Ia SNe is now large enough to allow a compre-
hensive analysis. I will present preliminary results from a study of a subsample
of the CfA Type Ia spectroscopic database, with over 200 spectra of 31 Type Ia
SNe. The SNe selected all have well-calibrated light curves and cover a wide scope
of luminosity classes. The epochs of observation range from fourteen days before
maximum to fifty days past maximum. All of the spectra were obtained with the
same instrument on the same telescope, and were reduced using the same tech-
niques. With such a large, homogeneous data set, the spectroscopic similarities and
differences among Type Ia SNe become readily apparent.

1 Introduction

Type Ia Supernovae (SNe) have long been viewed as a homogeneous class (see,
e.g., [8]) for a review of Type Ia SNe). This perception began to change when
SNe appeared that were still of Type Ia, yet showed peculiarities that clearly
set them apart from the standard picture. The first dramatic examples were
the overluminous SN 1991T (e.g., [3, 12]) and the underluminous SN 1991bg
(e.g., [2, 7]). Some differences were already apparent from earlier SNe such
as SN 1986G [11]. In recent years, it has become clear that peculiar Type Ia
SNe are more common than previously thought (e.g., [9]).

While the diversity has been broadly characterized by light-curve shape
[6, 13, 14, 15], there are also spectroscopic differences (see [4] for a general
review of SN spectroscopy). For example, overluminous SNe lack strong sil-
icon and calcium lines while higher-excitation lines of iron are present, as
in SN 1991T [3, 10], although sometimes calcium is strong as in SN 1999aa
[9]. Underluminous SNe are characterized by strong absorptions of titanium,
whose strength increases with decreasing temperature (e.g., [5]). The once
homogeneous class is now quite diverse (Fig. 1).
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Fig. 1. Examples of Type Ia SNe with different ∆m15 values and the spectroscopic
differences that this implies.

2 Observations and Reduction

The SN group at the Harvard-Smithsonian Center for Astrophysics operates
a long-term monitoring program for nearby SNe. We obtain low-dispersion
spectra of two to three SNe per night with the FAST spectrograph [1] on the
1.5-m Tillinghast telescope at the F. L. Whipple Observatory (FLWO). The
FAST spectrograph uses a 2688×512 Loral CCD with a spatial scale of 1.′′1
per pixel in the binning mode used for these observations.

The data are reduced in the standard manner with IRAF1 and our own
routines. Wavelength calibration was accomplished with HeNeAr lamps taken
immediately after each SN exposure. Small-scale adjustments derived from
night-sky lines in the SN frames were also applied. All the data are from the
same instrument/telescope combination and have been reduced in the same
manner, ensuring consistency in the database.

For this sample, we selected Type Ia SNe for which we have well-sampled
light curves from our complementary program of photometry with the FLWO
1.2-m telescope. With this data, the phase of each spectrum is known, as well
as the value of ∆m15. The SNe chosen cover a wide range of ∆m15 (0.85–
1.93). In addition, all galaxy types are represented among the hosts. The
current sample contains 387 spectra of 31 Type Ia SNe, with epochs from
fourteen days before maximum to several months past maximum. There are
201 spectra within fourteen days of maximum (e.g., Fig. 2).

1 IRAF is distributed by the National Optical Astronomy Observatories, which
are operated by the Association of Universities for Research in Astronomy, Inc.,
under cooperative agreement with the National Science Foundation.
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Fig. 2. Montage of Type Ia spectra at maximum. The value of ∆m15 for each SN
increases downward.

3 The CfA Type Ia Spectroscopic Database

We began our characterization of the Type Ia spectra in the database by
selecting only those that were within fourteen days of maximum. The con-
tinuum was removed by selecting anchor points at regions of the spectrum
that are not affected strongly by absorption lines. This removed some of the
effects of reddening as well as issues related to differential light losses as a re-
sult of not observing at the same parallactic angle (which does affect some of
our data). We then used a least-squares minimization technique to fit Gaus-
sian profiles to the seventeen strongest lines in the spectrum. This was all
done empirically, without any model of line formation. The result was a list
of line depth, width, and position for each spectrum. Using plausible line
identifications, we can then assign a velocity of expansion to each line.

One of the distinctive spectroscopic features of the peculiar Type Ia SNe,
is the increase in strength of the titanium lines as ∆m15 increases. The feature
normally seen near 5800 Å is caused by silicon, but titanium begins to increase
this absorption as the temperature decreases. This is shown in detail by [5],
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as a function of ∆m15 for spectra taken within four days of maximum. The relative
strength of the 5800 Å line increases as the SN becomes a faster decliner, and thus
more underluminous. This has been attributed to a temperature sequence with the
strength of a titanium absorption increasing as the temperature decreases.

and, using a different set of SNe, we can reproduce this effect (Fig. 3), with
much more complete sampling for the underluminous SNe.

The velocity of expansion of the SN can be estimated from the minimum
of the absorption lines. The Si II 6355 Å line that usually appears near 6150
Å is perhaps the most isolated feature in the spectral range that we observe.
Using this line, we compared the velocity of expansion with ∆m15. As shown
in Fig. 4, there is a large range in expansion velocity, but with a general

1.0 1.2 1.4 1.6 1.8
∆m15

−1.6

−1.4

−1.2

−1.0

V
el

oc
ity

 a
t m

in
im

um
 (

10
4  k

m
/s

) 
63

55
Å

Fig. 4. Expansion velocity derived from the minimum of the 6150 Å feature as a
function of ∆m15.
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trend that the overluminous and normal SNe tend to have higher expansion
velocities. The width of the line, though, does not follow this trend.

4 Final Remarks

We have just begun to explore the CfA spectroscopic database. It is clear
from these initial surveys that the Type Ia SNe can show a large degree of
heterogeneity. There are some trends with the defined light-curve character-
izations that will help to constrain the explosion models. In addition, there
is spectroscopic variation for SNe with identical ∆m15 values, implying that
there is not just a simple one-parameter sequence that can explain Type Ia
SNe.

Acknowledgement. I wish to thank Robert Kirshner, Pete Challis, Saurabh Jha,
and Peter Garnavich for their tremendous help in securing and analyzing the spec-
tra described here. In addition, the two main observers at FLWO, Perry Berlind
and Mike Calkins, have been invaluable to this project. Without their skill and
dedication, this database would not exist.
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Summary. The spectroscopy of a supernova (SN) just after its discovery is quite
important not only for the spectral type classification but also for the planning
further follow-up observations or the target-of-opportunity observations (ToOs).
The early spectroscopy is needed also because the information from the outermost
envelope of such exploding objects as SNe cannot be obtained in the later phase.
In order to obtain the early spectrum, the quick circulation of the discovery infor-
mation is important. We introduce our contributions with the public astronomical
observatories in Japan, including the case of “hypernova” SN 2002ap discovered
by a Japanese amateur astronomer. We summarize the time interval between the
discoveries, the announcements, and the first spectral classifications of recent SNe,
and discuss what would be required for the early spectroscopy.

1 Importance of the Early Spectroscopy

The early spectroscopic observation after the discovery of a SN is very im-
portant in many aspects. The early type determination is necessary to trigger
the ToOs, and to plan the follow-up observations. For example, type Ia SNe
are strong source of the line γ-ray. The maximum light in some line γ-ray is
expected to be earlier than the optical one [14], so the prompt type determi-
nation and the early γ-ray observation is especially needed. The γ-ray from
SN 1991T, a peculiarly luminous SN Ia, was successfully detected [13].

Type II, Ib, and Ic SNe are thought to be core-collapse events of the
massive stars whose envelopes had been lost during the evolution, so the
interaction of the SN ejecta with the circumstellar matter made up by the lost
envelope will cause a strong X-ray and radio emission. When the discovered
SN turns out to be of these types, radio telescopes and X-ray satellites are
planned to observe them.

The early spectrum contains the information of the outermost part of the
ejecta, which cannot be obtained from the later observation. The diversity of
type Ia SNe has been reported in the pre-maximum spectra [4].

�� Present address: National Astronomical Observatory, Japan
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Furthermore, we professional astronomers must reward the amateur dis-
coverers by getting the most fruitful output. The bright (nearby, important)
SNe have been discovered mainly by the amateur astronomers.

2 Our Contribution

We have been taking early spectra of SNe in order to obtain type determina-
tion. In Japan, there are many observatories with 1-m class telescopes, a main
part of which are funded by the local self-governing body, such as prefecture,
city, town, or even a village whose population is only thousands.

In these five years, we determined the types of over twenty nearby SNe,
with the Bisei Astronomical Observatory 1.01-m telescope and the Gunma
Astronomical Observatory 0.60-m telescope. Among them, SN Ia 1998bu was
at the Virgo distance. After our type determination, the COMPTEL instru-
ment of the CGRO observed it. The line γ-ray could not be detected from
it, which constrained the amount of produced 56Ni and the explosion models
[3].

SN 2002ap, a type Ic ”hypernova”, was observed by us on the night of the
announcement of the discovery. It turned out to be a hypernova (Kyoku-Cho-
Shinsei in Japanese) by us [6] and by the others [2, 12]. The determination
of the SN classification led the follow-up observations in the all wavelengths,
including by the Subaru telescopes in optical and IR [5], by the VLA in radio
[1], by the XMM-Newton in X-UV regions [15], and so on. After the type
determination, we continued to take spectra of this object, and revealed the
rapid evolution of the spectra. The expansion velocity measured from the Si
line was about 25000 km s−1 on the first epoch, which rapidly decreased,
besides the other hypernovae evolved more slowly [7]. Probably it is because
the ejecta mass was quite small [11].

3 Between the Discovery and the Spectroscopy

Typical progress from the discovery of a SN to its spectral type determination
would be summarized as:

1. Discovery of the new object,
2. Confirmation of the existence and no proper motion, by the discoverer or

his colleague,
3. Report to the Central Bureau of the Astronomical Telegrams (CBAT),
4. Announcement of the discovery on an IAU circular,
5. Following the discovery, the spectroscopic observation and the type de-

termination.
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Fig. 1. Time intervals from the discovery of a SN and its announcement on the
IAU Circular. The horizontal axis represents the observed brightest magnitude of
the SN. Open circles represent the SNe discovered by the amateur astronomers,
and filled circles are by the professionals (the KAIT, the NEAT and so on).

There are some bypasses on this course. If the CBAT thinks the confir-
mation by others is needed, it will be done within the closed members (skip
Item 2). The discovery information is relayed also to the closed members
to do spectroscopy (skip Item 3). Occasionally, the discovery information is
posted to some mailing lists (skip Item 3 and/or Item 4). In such situations,
the first spectroscopy is possibly reported on the same number of the IAU
Circular as the discovery announcement.
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Fig. 2. Time intervals from the discovery of a SN and its spectroscopic type deter-
mination. The horizontal axis and the marks are same as Fig. 1.

4 Time Interval from the Discovery
to the Announcement and the Spectroscopy

As shown in the previous section, there must be some time interval between
the discovery of the new object and the announcement of it, or the spectro-
scopic observation. Fig. 1 shows the time duration from the discoveries to
their announcement on the IAU circulars, year by year from 1997 to 2002. It
is clearly shown that this interval has been much improved in recent years.
There are, however, only small numbers of SNe being announced within one
day after discovery. This “one day problem” is mainly caused by the CBAT
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requirement for the discoverer to confirm the object on the second night be-
fore he/she reports it to the CBAT [8, 9, 10]. Indeed, SN 2002ap was left
unobserved spectroscopically on the night of the discovery.

Figure 2 shows the time duration from the discovery to the first spec-
troscopy. This interval is slightly improved during recent years, but compared
with Fig. 1, the improvement is rather slow.

5 Proposals and Most Recent Improvements

For the early spectroscopy, the “one day problem” should be avoided, at
least for the nearby SNe. The SN hunter should report an SN discovery in
the nearby galaxies, and it should be confirmed with the worldwide process.
Open policy for the discovery information would help for the contribution by
the potential observers. Such open policy can be seen on our web site1.

On 2002 December, the CBAT began to issue the Central Bureau Elec-
tronic Telegram (CBET), which announces the discovery before the formal
IAU Circular will be issued. And, as informed at the meeting of Commission
6 (Astronomical Telegrams) in the XXVth general assembly of the IAU at
Sydney, the confirmation process is gradually opened. In the same assembly,
the Division VIII (Galaxies and the Universe) established a working group on
SNe, which will discuss the circulation of the information of SNe. We would
like to be working together with these improvements.
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Summary. Light curves are the most readily available and most frequently used
astrophysical tools for variable phenomena. Supernovae are no exception to this.
The information that can be extracted from detailed light and colors curves, to-
gether with the detailed study of the spectral evolution, tells us about the progenitor
star, the various energy input sources, the explosion environment, material in the
line of sight and cosmological effects. Over the past decade we have come to under-
stand the power of detailed light curve studies and how they tie into the exploration
of other astrophysical topics.

1 Introduction

This short review presents a general description of recent developments. More
details can be found in the recent books edited by Weiler [58] and Hillebrandt
and Leibundgut [29] and the reviews therein.

The importance of supernovae for cosmology has been stressed many
times. After a long history of plans and predictions (e.g. [1, 9, 56]), the
last decade has finally come through with large data sets confirming some of
the foresights and added new surprises. Among the most interesting ones are
the diversity of thermonuclear explosions (Type Ia Supernovae) and the rich-
ness in appearance of core-collapse supernovae. In addition, the emergence of
GRBs as special core-collapse objects is enlarging the studies of supernovae.

Since light curves trace the temporal evolution of the supernova emis-
sion, they are most sensitive to the energy sources provided in the explosion,
the radiation escape and modulations by external processes. The most im-
portant energy inputs are the supernova shock and the radioactivity from
nucleosynthesis. These inputs are modulated by cooling due to the expansion
and recombination, where shock energy is ’stored’ for some time. The follow-
ing sections will describe the energy source shaping the light curves and point
towards important parameters which can be deduced from the light curves.

The importance of light curves also stems from the relative ease with
which they can be acquired. With modern detectors and telescope technology
it has become possible to obtain the essential photometry with robotic or
semi-automatic telescopes. Hence, we are now faced with a wealth of light
curves, many of them still unpublished, from several institutes (see [38] for
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a list of references). The wavelength coverage has been extended into the
near-infrared with new insights into the explosion physics, the homogeneity
of the supernova subclasses and the emission mechanism. In each section
will we point out the distinguishing features for the two main supernova
mechanisms.

2 Energy Input

As mentioned above a supernova can draw from two major energy sources.
While in core-collapse supernovae the energy comes from the gravitational
energy freed in the collapse, the energy source of thermonuclear supernovae
is the binding energy from fusion of intermediate-mass elements to the iron
group. The collapse is converted to an explosion through mechanisms that are
not fully understood (e.g. the role of the neutrino emission). However, once
the shock is started, it propagates through the stellar envelope and ionizes the
ejecta. The first electro-magnetic sign of the supernova explosion is when the
shock breaks out of the stellar surface [17, 31]. This short phase (depending
on the size of the progenitor star this is around a few hours) has never been
observed. However, the rapid cooling due to the adiabatic expansion has
been traced for SN 1987A [2], SN 1993J [42] and SN 1999ex [53]. The cooling
and the expansion of the ejecta are balanced after a couple of days and the
drop in the light curve is reversed into a brightening phase, during which
the photosphere expands at roughly constant temperature. Depending on
the size, mass and structure of the progenitor star and the explosion energy,
the light curve peaks within a few days. When the temperature drops to
about 5500K the hydrogen starts to recombine and the additional photons
are added to the light curve [8, 50]. Again, depending on the mass and the
explosion energy, the energy output is balanced into an extended plateau
phase. This phase can reach up to 100 days in some cases. For explosions
in stars that lack the hydrogen envelope this plateau phase is absent. This
explains why Type Ib/c and some Type II supernovae have a rapid decline
onto the radioactive tails.

During the implosion and the subsequent infall the material reaches den-
sities and temperatures where explosive nucleosynthesis takes place. Some of
the newly created elements are in radioactive isotopes and release nuclear
energy on many different time scales. Since 56Ni is close to the nuclear sta-
tistical equilibrium for these conditions, it becomes the major energy storage
right after the explosion. Its radioactive decay produces γ−rays, which are
converted in the debris to optical and infrared photons through down scatter-
ing. The half-life of 56Ni of 6.1 days is swamped in the shock signatures, but
the decay of the daughter nucleus 56Co to stable 56Fe has a half-life of 77.1
days and is the main power source after the recombination phase. The de-
cline of the light curve after the plateau phase is tracing the 56Co decay time
extremely well. This has been observed for the classical SN 1999em [15, 26]
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and SN 1987A [5] for several hundred days. For explosions with massive en-
velopes all energy produced in the radioactive decays is converted into optical
and infrared radiation. In cases, where there are no massive envelopes, e.g.
SNe Ib/c and SNe Ia, some of the γ−rays escape without leaving the energy
behind. The decline rates then reflect the changes in the column densities
and the γ−ray escape fraction. Eventually, even the massive envelopes thin
out sufficiently so that some of the radioactive energy can escape.

One other energy source for supernovae is to tap into the kinetic en-
ergy available in the explosion. By converting kinetic energy of material into
light (mostly through shocks and ionization) the supernovae can become sig-
nificantly more luminous and also sustain the luminosity for a lot longer.
Considering that for a typical core-collapse supernova about 100 times more
kinetic energy is available than is emitted in light, this contribution can easily
outshine the regular display.

For the thermonuclear supernovae the stars are incinerated from the inside
out and no powerful shock is formed. In addition, the progenitor stars are
very small, indeed tiny, if they really are white dwarfs, that a shock break
out would last only for minutes and is unobservable. In this case, there is
no preceding neutrino signal either. All energy is coming from the binding
energy freed by burning material to the most densely bound nuclei in the iron
group. The energy release is through the radioactive channel of 56Ni through
56Co to 56Fe. The light curves show signatures of the Ni decay as well as
the Co decay. No other energy input is expected in this case (for the only
exception known so far see below).

3 Shaping Light Curves

The basic energy input for the supernova explosions are modified by the way
the radiation escapes the ejecta and how the radiation interacts with material
around the supernova. Through various different physical effects the light
curves can take many different shapes. The two main types of supernovae can
be treated separately, mostly because the thermonuclear supernovae display
a much simpler behavior than the core-collapse variety.

3.1 Thermonuclear Supernovae

Type Ia Supernovae show less individuality among their light curve (and
spectroscopic) behavior than the core-collapse explosions. This is a signature
that they are coming from a more homogeneous parent population and also
that their environment is less varied. The underlying physics of SN Ia ex-
plosions is probably also simpler than for core-collapse supernovae, although
the calculations are extremely difficult involving physics at largely different
scales [30]. The observational light curve can be summarized rather simply.
Fig. 1 shows the main input sources, the radioactive decay chain of 56Ni to
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Fig. 1. Schematic of the energy input from radioactive 56Ni and 56Co to a ther-
monuclear supernova. The thin lines are for the pure 56Ni (dashed) and 56Co (dot-
ted) decays. The dash-dotted line shows the total energy input from the decay
chain, while the dashed line indicated the case when only the 5% of the 56Co decay
coming from electron capture is retained in the ejecta. The thick dotted line shows
the observed bolometric light curve of SN 1992bc. Figure taken from [11].

56Co and 56Fe. The emission is modified by the fact that not all decay energy
is released immediately at the surface. Right after explosion the surface ex-
pands at a nearly constant temperature of around 10000K and the brightness
increase is mostly due to the increase in surface [51]. Before maximum most
of the energy in fact is trapped within the dense ejecta and is released only
slowly (e.g. [37]).

After about three weeks the emission reaches a maximum as the debris
thins out and the mean free path of the photons increases to the size of the
ejecta. Interestingly, this happens first in the near infrared [28, 32, 44, 48],
where the light curves peak first. The optical light curves reach maximum
about one week later. The color evolution around maximum is very fast with
the supernova rapidly becoming redder within a couple of weeks. At this time
the ejecta become progressively transparent to infrared and optical photons.
Right after maximum the light curve slightly “overshoots” the energy input
from the radioactive decays (as clearly seen in Fig. 1). These are photons that
are produced from the previous radioactive decays and are escaping only now
[49]. After the maximum phase the light curves are dominated by the contin-
uous increase of the γ−ray escape and the reduction of the deposited energy
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in the ejecta. There are quite some differences in the decline rates of the light
curves in the various filters. Typically, the UV and blue light dims faster than
the near-infrared. At wavelengths redder than R (about 650nm) the light
curves display a re-brightening of the supernovae around two to three weeks
after maximum [32, 44, 48]. The reason for this re-brightening is not com-
pletely clear. The main arguments are that the wavelength-dependent opac-
ities allow redder photons to escape more easily and hence a re-distribution
of the energy takes place.

Five weeks after explosion the thermonuclear supernovae decline towards
oblivion. The 56Co decay has a positron channel, where 19% of the energy
is released. The positrons were assumed to deposit their energy within the
ejecta and would not escape. In this case the light curves should follow the
half-life of the cobalt decay. However, this is not observed and although the
light curves do turn over [12, 36, 45], it appears that much of the energy
from the positron channel still escapes [46]. This indicates that the magnetic
fields in the explosion most likely have a radial form to allow the positrons
to escape before annihilating.

The only real exception to the above picture is coming from the recent
discovery of SN 2002ic. This object appears to have exploded within a very
dense circumstellar environment and is displaying a very slow light curve
[27]. The suspicion is that this explosion is interacting with this material and
hence a lot of the kinetic energy of the explosion is converted to photons (cf.
section 3.2).

3.2 Core-collapse Supernovae

The display of core-collapse supernovae is much more complex. This comes
from the fact that many different physical processes play important roles here.
The shock created in the explosion accelerates the material to velocities of
about 10% of the speed of light. The progenitor stars are at different stages
of their evolution, often influenced by companion stars, and depending on
the amount of hydrogen still left in the envelope the appearances can be
dramatically altered. As described above the early phases are dominated
by emission coming from the shock and recombination. Type II supernovae
can have quite a varied appearance at these phases, which indicates large
differences in synthesized nickel mass, explosion energy and total mass [24].
The drop from the plateau onto the radioactive tail is a sensitive measure
of the nickel mass as well [16]. Afterwards the energy from the radioactive
decays powers the light curves for several hundred days. The decline rate at
this stage gives a good indication of how massive the progenitor star was. If
it tracks the half-life of 56Co, then all energy is thermalized, while for faster
declines less massive progenitors are indicated. SNe Ib/c typically have faster
declines [13, 35]. The light curve of SN 1987A is a good example of a massive
supernova [5] (see also Fig. 2).
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Fig. 2. The V light curve of SN 1987A as an example of the various phases core-
collapse supernovae exhibit. Figure taken from [38].

For massive supernovae the absolute luminosity after about 120 days,
together with the age of the supernova, gives a relatively accurate measure of
the amount of 56Co synthesized in the explosion [16, 24]. This measurement
is now available for many core-collapse supernovae and is typically a factor
10 less than assumed in thermonuclear supernovae but spans almost a factor
of 100 [47].

Only SN 1987A has been observed to late enough phases so that fur-
ther changes in the light curves could be observed. Dust formation within
the supernova lead to a dimming due to obscuration from the dust grains.
Although precursor molecules for dust formation, mostly carbon monoxide,
have been observed in many core-collapse supernovae [21, 22, 52], dust itself
was only inferred from the observations of SN 1987A and recently possibly
in SN 1999em [15, 41]. The SN 1987A light curve started to drop around 500
days when the dust formed.

Later SN 1987A started to show a flattening of the light curve. While the
first explanations were pointing toward increased abundances of 44Ti, which
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would have been very difficult to explain within the nucleosynthesis picture,
it turned out that the emission is coming from material that was ionized by
the soft X-ray emission from the shock breakout and was recombining very
slowly. This “freeze-out” was explained by Fransson and Kozma [19].

The light curve of SN 1987A has now declined further, although the de-
cline in the near-infrared has slowed down to only a few tenths of magnitudes
per year. The ejecta are now much fainter than the surrounding ring of dense
pre-supernova material. The supernova shock has reached this ring after 15
years. The X-ray emission has already started to increase from this shock
over the last few years [43] and also several dense intrusions have started to
brighten [54].

Distances from Core-collapse Supernovae

The brilliance of core-collapse supernovae has enticed people to investigate
their capabilities as distance indicators. Following early work by Baade [3],
originally done for Cepheid stars, the expanding photosphere method (EPM,
[14]) has been applied to several supernovae. The most comprehensive data
sample has been assembled by Hamuy [23]. A critical test has become the
distance to SN 1999em, which was determined through EPM [15, 26, 40] and
which also has a Cepheid distance available [41]. The discrepancy is most
likely attributable to the fact that the correction factor for the dilution of
the black body flux in EPM are strongly model dependent and need to be
calculated for each supernova individually.

Recently, Mario Hamuy has realized that the expansion velocity and the
luminosity during the plateau phase correlate and that Type II SNe may be
quite good distance indicators (see his article in these proceedings and [25]).
The distance accuracy achieved this way can be better than 20%.

Supernovae with Circumstellar Interaction

Some supernovae explode in a dense environment. In this case, the shock
breakout ionizes the material around the explosion. The ring around SN 1987A
is only on example. In essence the supernova can create its own temporary
HII region around itself. Within days, however, the material shock will start
to interact with the dense circumstellar material [7]. The light curve in these
cases are drowned in the photons from this interaction. The best studied
cases so far are SN 1986J [39], SN 1988Z [57], SN 1995N [20] and SN 1998S
[18]. The light curves of these objects evolve very slowly and they stay bright
for a long time (typically over several years). Quite often these objects are
also very luminous. Their spectral appearance is also markedly different from
other supernovae. These objects are also detected as radio sources (see, e.g.,
[58]).
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4 Conclusions

Light curve data of supernovae have reached a new quality in the past few
years with increased temporal and wavelength coverage (e.g. [4, 6, 15, 25,
32, 33, 34, 53]). This will likely continue with more robotic telescopes and
increased searches. Very importantly the amount of well-sampled infrared
light curves is increasing rapidly. Although only little energy is radiated at
these wavelengths during the first year or so of a supernova, it provides im-
portant information on the explosion physics. At late stages the supernovae
have cooled down so much that most of the energy is actually emerging in the
infrared and the predictions are that the light curves decay only very slowly
as observed in SN 1987A, but also in SNe Ia.

The physics of supernovae can only be understood by combining as many
observables as possible. The light curves, as the tracer of the temporal evolu-
tion of the luminosity, are essential and fundamental ingredients. The emis-
sion is shaped through various physical processes that can be identified and
hence used for the interpretation of what is observed. One important tool, not
discussed in this review, for such investigations are bolometric light curves,
which combine all emerging flux. Such bolometric light curves are being as-
sembled for some objects [10, 16]. They provide a convenient tool to investi-
gate the physics behind the SNe Ia (e.g. [55]).

Supernovae are central to many astrophysical topics and the enhanced
interest in them is creating a flood of data. The coming years will see the
systematic exploration of these data for the physical interpretation of these
brilliant events.
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Summary. At late times, the energy deposition in the ejecta of type Ia supernovae
is dominated by the slowing of energetic positrons produced in 56Co → 56Fe decays.
Through comparisons of simulations of energy deposition in SN Ia models with
observed light curves from supernovae, we study the positron transport and thus
the magnetic fields of SNe Ia. In this paper, we summarize the current status of these
investigations, emphasizing the observations made of two recent SNe Ia, 1999by and
2000cx.

1 Introduction

The late light curves of Type Ia SNe afford a glimpse into how positrons pro-
duced in 56Co → 56Fe decays interact with the SN ejecta. As the trajectories
of positrons are influenced by magnetic fields, studies of positron transport
are equally studies of the magnetic fields in SN ejecta. The essential com-
parison is between some measure of the energy deposition rate for a SN Ia
model and some measure of the luminosity of an observed SN Ia. Implicit in
the comparison are the assumptions that the energy deposited in the ejecta
is wholly converted into emission and that the observed emission is a reliable
tracer of the bolometric luminosity. Whereas the coupling of energy deposi-
tion with 100% re-emission has never been seriously challenged, there is no
consensus as to the correct way to estimate the bolometric luminosity.

The earliest works that attempted these comparisons utilized the observa-
tions that were available to them. Colgate, Petschek and Kriese [4] compared
simulated energy deposition rates with the B and V band observations of SNe
Ia and concluded that positron escape was in evidence. By contrast, Axelrod
in his thesis [1] fit the 700+ day blue spectrum of SN 1972E with a model
that trapped positron energy (he assumed instantaneous, in-situ deposition
of 100% of the positron kinetic energy), but included an infrared catastrophe
(IRC, where an increasing fraction of the emission is emitted in an unobserv-
able portion of the IR wavelength range). Axelrod assumed color evolution
(where no single band traces the bolometric luminosity) and arrived at one
conclusion about positron transport, while Colgate, Petschek and Kriese as-
sumed no color evolution and arrived at a different conclusion. Due to the
limitations of our knowledge of the relevant interaction cross-sections, there
remains no consensus as to which assumption is correct.
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More recent investigations have attempted to broaden and deepen the
comparisons. Ruiz-Lapuente and Spruit [9] emphasized comparisons with
UVOIR bolometric light curves (i.e. based on multi-band photometry) and
concluded that positron escape was suggested in some, but not all SN Ia light
curves. That approach recognized the importance of including a wide wave-
length range, but utilized UVOIR bolometric light curves that at late times
include only observations made in the principal, BVRI photometric bands
(and thus rely upon extrapolations of the UV and IR emission to approxi-
mate the bolometric light curve). Cappellaro et al. [3] assumed the V band
is a reliable tracer of the bolometric luminosity (a la Colgate), and studied a
larger number of SN Ia light curves. Their work tested the hypothesis that
positron energy deposition drives the light curves at late times, and they con-
cluded that varying degrees of positron escape were suggested by the light
curves. Milne, The and Leising ([7], hereafter MTL99) looked at V and B
band light curves of 10 SNe Ia and reported that all of the normally- and
super-luminous SNe Ia light curves were consistent with positron escape. The
general conclusion from those works was that positrons appear to escape from
most SNe Ia if V and B band light curves accurately trace the bolometric
luminosity.

2 BVRI Photometry of 22 SNe Ia

Milne, The and Leising then extended their first work to include B,V,R and I
band photometry of 22 SNe Ia (Milne, The and Leising [8], hereafter MTL01).
The efforts were intended to: 1) widen the wavelength range under investiga-
tion, and 2) recognize the heterogeneity that exists within the SNe Ia grouping
and then to search for trends within sub-classes. The 22 SNe were classified
as normally-, sub- or super-luminous based upon their ∆MB(15) values and
then normalized to have the same luminosity at 65 days (thus studying the
shape of the late light curves rather than the absolute magnitudes). They
found that the normally-luminous (10) and super-luminous (6) SNe Ia have
similar light curve shapes at late times while sub-luminous (6) SNe Ia have
different light curve shapes. They further found that the SN color does evolve
from 50-175 days. The V band does roughly trace the BVRI bolometric light
curves during that epoch for the normally- and super-luminous SNe Ia (here-
after N/SP SNe), but this may be due to a coincidence as the 56Co emission
lines give way to 56Fe emission lines. Beyond 175 days, the B,V,R and I band
light curves are consistent with no color evolution that follows the energy
deposition rate for positron escape.

The sub-luminous SNe Ia studied exhibited light curves with entirely
different characteristics than the other two sub-classes. The V band light
curves have more curvature than the energy deposition rates (either assum-
ing positron trapping or positron escape), initially falling faster and later
remaining flatter. For the sub-luminous SNe Ia, the B band appears to be a
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Fig. 1. B,V,R,I band photometry of SN 1999by (filled circles) compared with SN
1986G (open circles) and SN 1991bg (crosses). The data are shown as residuals
relative to the energy deposition rates for the model,W7. The light shaded curves
assume positron escape, the dark shaded curves assume positron trapping. All SNe
were normalized to have the same magnitude at 65 days.

better fit to the energy deposition rates, while the R and I band light curves
are similar in shape to the other two sub-classes. Derived bolometric correc-
tions appear to be able to explain the color evolution in the light curves of
the six SNe Ia, but the number and coverage of the existing spectral data-set
are relatively poor and much more work needs to be done before definitive
conclusions can be drawn.

3 Recent Developments

The previous sections are a review of investigations of the late light curves.
The reader is referred to the above publications for details of those inves-
tigations. There have been three recent developments that have produced
additional interest in this topic. First, the SN 1999by was extensively ob-
served until very late times. Second, SN 2000cx occured with the necessary
attributes to be detected two years post-explosion. Third, radiation trans-
port simulations have been performed that include more physics and might
provide an alternative explanation for the appearance of positron escape in
SN Ia ejecta.
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In MTL01, the SNe 1991bg and 1986G were grouped together as “sub-
luminous” SNe Ia. This classification ignored the distinction that SN 1986G
is considered to have been only slightly sub-luminous, while SN 1991bg is
considered to have been very sub-luminous (on the low luminosity edge of SN
Ia events). That appeared to be adequate considering the irregular sampling
of the light curves of those two SNe. However, light curves derived from
observations of SN 1999by have shed new light on the sub-luminous sub-
class. SN 1999by has been determined to be a 1991bg-like based upon the
peak emission, and when the late light curves of SN 1999by are compared
with SN 1991bg and 1986G light curves, it is apparent that 1999by matches
the former and not the latter (Fig. 1). The data for SN 1999by is from [5].
Whereas SN 1986G appears to transition to an epoch where the light curves
can be explained by the energy deposition rates that feature positron escape
(only B and V band light curves were published), the SNe 1991bg/1999by
light curves do not follow the simulations at any epoch. Thus, it can be argued
that SN 1986G (the transitional case between normal and fast declining SNe
Ia in the luminosity-width relation) transitions at 150 days to light curves
similar to the N/SP SNe Ia, while the very sub-luminous SNe Ia follow a
different evolution at all epochs. Two SNe should not dictate a distinct sub-
class, but the shapes of the light curves shown in Fig. 1 do motivate further
study of late light curves of sub-luminous SN Ia.

SN 2000cx had peak light curves that challenged the luminosity-width
relation by crossing the templates and defying categorization [6]. This fact,
combined with the nearness and isolated nature of the SN, made it an ideal
target for late-epoch observations. Although the light curves and spectra
were unique, they exhibited characteristics spanned by N/SP SNe Ia. Based
on that logic, we would expect SN 2000cx’s light curves to match the light
curves from the 16 N/SP SNe studied in MTL01. However, Candia et al. [2]
list a SPF distance to NGC 524 (2000cx’s host galaxy) that would make SN
2000cx a slightly sub-luminous SN Ia, thus the luminosity of SN 2000cx is
currently debatable. Shown in Fig. 2 are BVRI light curves of SN 2000cx
compared with the 16 N/SP SNe Ia. But for an anomaly in the B band from
50-150 days (see also [6]), the shape of the light curves are very similar to
the other SNe. The data for SN 2000cx is from Li et al. [6] and Candia et al.
[2]. The late data is from Sollerman et al. (these Proceedings), HST R and I
band data (Li et al., unpublished), and unpublished data we collected at the
Steward Observatory 2.3m Bok telescope.

The SN 2000cx observations are of additional interest in that Sollerman
et al. were able to obtain late J,H, and K band photometry for that SN. In
a poster shown at this meeting, they report a late flattening of those light
curves, potentially due to an IRC. They performed radiation transport for the
SN model, W7, and roughly reproduce the IRC while roughly fitting the V
and R band light curve. Of particular interest is that this fit is accomplished
while trapping positrons. Since Fig. 2 shows that the SN 2000cx B,V,R and I
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Fig. 2. B,V,R,I band photometry of SN 2000cx (filled circles) compared with 16
other normally- or super-luminous SNe Ia (open circles). The data are shown as
residuals relative to the energy deposition rates for the model W7. The light shaded
curves assume positron escape, the dark shaded curves assume positron trapping.
All SNe were normalized to have the same magnitude at 65 days.

band light curves agree with other SNe Ia out to 500+ days, the suggestion is
that color evolution in the B,V,R and I bands might exactly mimic the effects
of positron escape. The simulations shown in the Sollerman et al. poster would
not be able to explain the SNe that have been detected in the B,V,R and I
bands after 600 days (1992A and 1990N for example), nor have they been
shown to reproduce SN Ia light curves and spectra in detail. However, the
work presents an alternative explanation for the late emission and represents
an exciting development in this field.

4 Summary

Although challenging to detect, some SNe Ia have been observed until late
epochs. From the collection of light curves derived from those observations,
a picture is emerging. The late light curves of normally- and super-luminous
SNe Ia appear quite similar from 50 − 500 days, appearing as virtually a
single set of shapes. By contrast, the sub-luminous SNe Ia have light curves
that differ a great deal from the others, and amongst themselves. The two
well-observed very sub-luminous SNe 1991bg and 1999by have similar light
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curves whose B and V bands differ appreciably from the N/SP SNe at every
epoch. By contrast, the slightly (or transitionally) sub-luminous SN 1986G
appears to transition to having light curves that agree with the N/SP SNe
Ia. The sub-luminous sub-class is severely under sampled, and it remains an
open question whether the late light curves will continuously transition to
the N/SP SNe.

SN 2000cx, whose near-peak light curves were unique, appears fairly typ-
ical of the N/SP sub-class with respect to the shape of the late light curves
out to 400 days. Additional, very late, HST observations were performed,
thus it is possible that yet more information can be obtained with regards to
this interesting SN Ia.

Interpreting the light curves in terms of positron energy deposition re-
mains an elusive goal. The N/SP SNe Ia are suitably fitted by energy depo-
sition rates that feature positron escape. However, other simulations suggest
that the luminosity deficit (relative to positron trapping) that results when
positrons escape may instead be due to color evolution that coincidentally
mimics the effects of positron escape.
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Summary. Regular photometric observations of sufficiently bright northern su-
pernovae are carried out at Sternberg Astronomical Institute’s observatories. Since
1998 the observations of more than 60 supernovae were obtained on about 150
nights with different telescopes and detectors. We present the data of the observa-
tion program, the parameters of light curves for 18 SNe and the light curves for
SNe 1999aa, 2001B, 2002bo.

1 Introduction

The light curves are among the major sources of information about the nature
of supernovae. They are the main tool for the use of SNe as distance indica-
tors, and can also be used for SN classification and for constraining theoretical
models. The observational data have been substantially increased during last
years. The modern observational programs contributed high-quality multi-
color CCD photometry with good temporal sampling for many SNe. But the
rate of SN discovery is so high, that for some sufficiently bright SNe only
few photometric data points have been obtained. Often only the low-quality
results of amateur groups are available. So, regular photometry of bright SNe
remains an urgent observational task.

SN photometry has been carried out at Sternberg Astronomical Institute
since the 1960s, and the most prominent results were obtained for SNe 1981B,
1984E, 1984L, and 1985F [7, 11, 12, 13]. Their light curves were derived from
photographic and photoelectric observations. During the 1990s we had serious
difficulties in accomplishing observations. Only since 1998 it was possible to
revive the program, using CCD detectors.

2 Observations and Reductions

The observations were carried out with 125-, 60-, 50-, and 38-cm telescopes
of Sternberg Institute Crimean observatory and also at 70- and 30-cm tele-
scopes in Moscow. We used CCD cameras AP-7p, ST-8, ST-7 and ST-6 with
different sets of filters, and occasionally obtained also photographic and pho-
toelectric observations. The reductions were done in the usual manner. The
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Table 1. Basic data for observation program

SN T1 Tn N SN T1 Tn N SN T1 Tn N

1997cx 19 214 11 1999em 5 379 24 2001dn 2 82 17
1997dn 7 117 8 1999gi 4 354 21 2001dp 4 93 6
1997do 3 118 12 1999gn 103 29 5 2001ed 16 53 6
1997dq 5 116 10 1999gq 93 15 3 2001ef 11 52 4
1997ef 3 122 8 2000C 45 32 9 2001en 41 47 6
1997eg 79 8 5 2000E 13 79 13 2001fa 19 47 6
1997ei 62 6 4 2000cx 21 103 19 2001gd 94 41 6
1998D 21 11 7 2000db 19 100 5 2002an 52 51 8
1998S 29 366 15 2000dk 3 73 17 2002ap 3 307 23
1998aq 127 97 6 2000dx 13 67 12 2002bo 6 72 17
1998dh 31 95 5 2000ev 2 80 6 2002bu 3 57 10
1998ef 29 30 4 2000ew 1 156 7 2002cr 6 19 4
1998es 2 94 8 2001B 19 104 14 2002cs 2 19 4
1999D 4 96 10 2001C 18 98 8 2002es 11 76 5
1999X 20 49 13 2001G 16 71 5 2002hh 13 241 19
1999aa 2 72 17 2001V 9 84 14 2002ho 14 16 6
1999ac 16 43 6 2001X 17 76 11 2002hw 9 17 11
1999an 7 24 4 2001ai 6 33 3 2002ji 4 112 8
1999dk 7 82 4 2001ay 8 38 6 2003Z 29 57 4
1999dh 15 95 4 2001bf 3 133 10 2003as 9 72 8
1999ej 19 41 5 2001bg 2 13 3 2003cg 2 53 8
1999el 12 52 10

magnitude differences between SNe and 1-2 comparison stars were derived by
aperture photometry. When the galaxy background near SN was bright and
non-uniform, we subtracted the image of the galaxy obtained after fading of
SN from the image with SN. On photometric nights we calibrated the com-
parison stars and determined the transformation equations from instrumental
system to the standard one by observing Landolt’s [3] and Mermilliod’s [6]
standard stars, and also clusters M67 [1] and NGC7790 [9].

The brief review of the program is presented in Table 1, where for all SNe
with more than 2 observations we report the following data: T1 is the time in
days from discovery until first observation; Tn is the time from first observa-
tion until last observation; N is the number of nights on which observations
were obtained.

3 Results of Observations

Observations of 23 SNe have been already reduced. For 5 SNe the data were
insufficient to determine the shape of the light curves. The main light curve
parameters for 18 SNe are reported in Table 2, where m is magnitude at
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Table 2. Parameters of light curves for SNe

SN SN Type m ∆m15 µ AB E(B − V ) M

1997cx IIL 14.2R 32.0 0.10 -17.9R
1997do Ia 14.2B 1.3 33.3 0.27 -19.4B
1997ef IcPec 16.5 33.3 0.18 -17.1
1998D Ia 15.5R 1.3 33.7 0.06 0.15 -18.6R
1998dh Ia 13.9 1.0 32.6 0.29 0.1 -19.0
1998ef Ia 15.0R 1.1 34.4 0.32 0.15 -19.7R
1998es IaPec 13.8 0.9 33.1 0.14 0.16 -19.8
1999D IIP 17.4 33.4 0.07 -16.1
1999X Ia 16.3 1.0 35.0 0.14 -18.8
1999aa IaPec 14.8 1.0 33.9 0.17 -19.2
1999gi IIP 14.9 30.3 0.07 0.21 -16.1
1999el IIL 14.9 31.9 1.58 -18.2
2000E Ia 13.7 1.3 31.9 1.58 0.36 -19.3
2001B Ib 15.0 32.0 0.54 -17.5
2001V Ia 14.5 0.9 34.1 0.08 -19.5
2001X IIP 15.3 32.0 0.17 -16.8
2002ap IcPec 12.4 29.5 0.31 0.09 -17.4
2002bo Ia 13.6 1.1 31.8 0.11 0.35 -19.2

plateau for SNe IIP and at maximum light for SNe of other types, in the V
band unless followed by symbol denoting other band; ∆m15 is only a rough
estimate, based on comparison with template SN Ia light curves; distance
modulus µ is taken from [14] or estimated from radial velocity, corrected for
Virgocentric infall, with H0 = 75 km s−1 Mpc−1; galactic absorption AB is
from [8], and E(B − V ) is estimated by comparing the color curves of SNe
under study with those for which extinction is known to be negligible, for
SNe 1999gi and 2002ap it is taken from [4, 5]; the absolute magnitude M ,
also in the V band unless another band is noted, is derived using the reported
apparent magnitude, distance and extinction, for SNe with no data on E(B−
V ) we assumed negligible reddening in parent galaxies and accounted only
for galactic extinction.

The main conclusion is that all studied SNe are quite similar to the typical
objects of their classes, as regarding shape of the light curves and absolute
magnitudes. Among two peculiar SNe Ia (similar to SN 1991T) SN 1998es
was slightly overluminous, while absolute magnitude of SN 1999aa was quite
close to the average value for SNe Ia. The light curves for SNe 1999aa, 2001B
and 2002bo are presented in Figs. 1-3.
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Fig. 1. Light curves of SN 1999aa in the B, V, R, I bands. Filled symbols show our
results, open symbols are the data of [2]. The dashed lines are the light curves of
SN IaPec 1991T.

Fig. 2. Light curves of SN 2001B in the V, R, I bands. Filled symbols show our
data, open symbols are the data from IAU Circulars and VSNET. The dashed line
is V light curve of SN Ib 1984N.
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Fig. 3. Light curves of SN 2002bo in the B, V, R, I bands. Filled symbols represent
our data, open symbols show the data of [10]. The dashed lines are the light curves
of SN Ia 1998bu.
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Summary. We present spectroscopic and photometric data of a sample of Type
II plateau Supernovae, covering a wide range of properties from the 56Ni rich,
high luminosity events (e.g. SN 1992am) to the low-luminosity, 56Ni poor SNe (e.g.
SN 1997D). We provide an observational framework to analyze correlations among
observational data, physical parameters and progenitors characteristics of Type II
supernovae.

1 The Sample of SNe II-P

Type II plateau Supernovae (SNe II-P) are considered a heterogeneous group
of core-collapse events sharing a very wide range of physical properties. De-
spite their variety of observational parameters (e.g. early- and late-time lu-
minosity, expansion velocity, continuum temperature), recent studies high-
light tight correlations among their physical parameters [6, 10]. However, in
these works the low-luminosity tail of the SNe II-P distribution was poorly
sampled. Zampieri et al. [these Proceedings] have recently investigated such
correlations, including also low-luminosity events. Our sample was selected
in such a way to cover a large range in luminosity and line velocity, prefer-
ably among SNe II-P discovered at very early stages. We selected a few well
studied SNe from literature and unpublished data from the Padova-Asiago
SN Archive. Most of them have long-duration plateaux, but also events with
relatively short plateaux (SNe 1992H and 1995ad) and spectroscopic evolu-
tion of a normal SN II-P, were considered. SNe from our archive have been
observed either in spectroscopy and photometry from a few days after their
discovery to the nebular phase, when the main output of energy comes from
the radioactive decays. The sample includes 6 Ni poor (< 10−2M�) SNe, 5
intermediate Ni mass (1−5×10−2M�) SNe and five Ni rich (> 7×10−2M�)
events.

In Table 1 we list the main data about the selected SNe (see also Ramina,
Laurea Thesis, 2003, unpublished and references therein). When the distance
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Table 1. Main data of the selected SNe II-P

SN µ AV t0 (JD) ref.(
) SN µ AV t0 (JD) ref.(
)

1969L 29.84 0.20 2440550.5 [2] 1996an 31.50 0.16 2450222 [9]
1987A 18.49 0.60 2446849.82 SAAO 1997D 31.29 0.07 2450361 [13, 1]
1992H 32.48 0.33 2448661 [3] 1999br 31.19 0.08 2451278 [5, 8]
1992am 36.74 0.44 2448799 [12] 1999em 29.47 0.31 2451476 [4, 7]
1992ba 30.91 0.19 2448883.2 [5, 9] 1999eu 31.08 0.09 2451394 [8]
1994N 33.34 0.13 2449451 [8] 2001dc 32.85 1.28 2452056 [8]
1995ad 32.02 0.11 2449981 [9] 2002gd 33.09 0.22 2452552 [9]
1996W 31.95 0.70 2450180 [9] 2003Z 31.93 0.13 2452665 [9]

(
) Reference for spectro-photometric data

modulus µ is obtained from the host galaxy recession velocity, H0 has been
assumed to be equal to 65 km s−1 Mpc−1. The total extinction reported in
Table 1 is the sum of the host galaxy reddening and the Galactic contribution,
from [11]. More details on the estimated distances and interstellar extinction
are in Ramina [Laurea Thesis, 2003, unpublished].

1.1 Faint SNe II-P

SN 1997D [13, 1] is the prototype of a homogeneous group of CC-SNe with
unique observational properties. The light curves, showing flat plateaux last-
ing ∼ 90−110 days, are underluminous at all epochs, and their spectra, redder
than “typical” SNe II-P, show strong and narrow P-Cygni features indicat-
ing very small expansion velocities (∼ 1000 km s−1 at the end of the plateau
phase, see Fig. 1). In [8, 14] other similar SNe were discussed (SNe 1994N,
1999br, 1999eu and 2001dc). The database has been recently enriched by the
discovery of a well representative event, SN 2003Z, extensively monitored at
TNG1. This SN provides a very good example of the spectro-photometric
evolution of low-luminosity SNe (see Fig. 2). The SN was observed both in
spectroscopy and photometry during the photospheric phase, and observa-
tions during the nebular phase, useful to estimate the 56Ni mass, are still in
progress. Preliminary late-time photometry suggests that SN 2003Z ejected
0.006 M� of 56Ni. We suggest that low-luminosity events may occur with
relatively high frequency.

The observed properties of the faint CC-SNe are consistent with very
small ejected 56Ni mass (< 10−3 M�) and low explosion energy (	 1051

erg, [14]). This suggests high-mass progenitors (MMS > 20 − 25M�) for
which significant fall-back might have occurred ([14] and Zampieri et al.,
these Proceedings).

1 program TAC 48
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Fig. 1. Spectra of low-luminosity SNe II-P at ∼ 100 days after the explosion.

Fig. 2. Photometric and spectroscopic evolution of the low-luminosity SN 2003Z.
Unfiltered measurements and VSNET (http://vsnet.kusastro.kyoto-u.ac.jp/vsnet/)
data are also reported.

1.2 Normal SNe II-P

The sample contains also a number of “normal” and high luminosity events
covering a large range of physical properties (e.g. Ni mass, explosion energy,
ejected mass). Even if we observe a large spread both in luminosity (2−20×
1042 erg s−1) and in expansion velocity (3000−5000 km s−1 at the beginning
of recombination), these SNe never show the extreme properties of SN 1997D
and other faint events. Zampieri et al. (these Proceedings) suggest that the
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Fig. 3. Top: Luminosity evolution of our selected sample of SNe II-P. Bot-
tom: expansion velocities obtained from the blueshift of the minimum of Sc II
lines. Adopted colors are: red for faint 1997D-like SNe, magenta for intermediate-
luminosity SNe, black for normal and high luminosity events; blue (solid line) is
SN 1987A.

ejected envelope mass is in the range 12 − 26 M�, with no definite tendency
to vary with the other SN parameters.

Peculiar is the case of SN 2002gd, well observed during the plateau, then
lost behind the sun. The plateau luminosity is relatively high, but the ex-
pansion velocity deduced from the P-Cygni minima of spectral lines is small,
close to that of faintest SNe II-P. This SN was recently observed and our
preliminary photometry suggests an unusually strong post-plateau luminos-
ity decrease. We may explain it with a very low amount of ejected 56Ni
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(< 10−3M�). Or, alternatively, dust formation into the ejecta might absorb
the light at optical wavelengths, leading us to underestimate the 56Ni mass.
Because of its peculiar behavior, more late-time observations are required to
better understand this event before any systematic analysis of its properties
can be performed.

2 The Heterogeneous Family of SNe II-P

A comparison among the pseudo-bolometric light curves for the SNe II-P of
our sample is shown in Fig. 3. The light curves appear to be heterogeneous
in shape and luminosity at all epochs. In particular the exponential tails are
powered by very different amounts of 56Ni (0.002− 0.3 M�). It is remarkable
that the low-luminosity SNe are fainter at all stages than all other SNe shown
in Fig. 3.

Also the evolution of the expansion velocity, obtained measuring the
blueshift of the minimum of the Sc II lines (see Fig. 3) shows a large spread at
all epochs, ranging from 3300 km s−1 for SN 1992am [12] to about 1000 km
s−1 for SN 1999br at ∼100 days after explosion. A similar spread is present
also in the evolution of the continuum temperature. This suggests, in accor-
dance with [6], that plateau luminosity, Ni mass, continuum temperature,
expansion velocity and explosion energy are correlated, from the high values
of physical parameters of the luminous SNe 1992H and 1992am to the excep-
tionally small ones for the faint SNe (see discussion in Zampieri et al., these
Proceedings).
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Summary. X-ray spectra of young supernovae (SNe) can provide information on
the progenitor star and the interaction of the supernova ejecta and the circumstellar
material. I will discuss some examples, with particular emphasis on SN 1998S,
whose X-ray spectrum revealed for the first time in a young supernova a wealth of
heavy element emission features (Ne, Al, Si, S, Ar, and Fe). By comparison with
detailed calculations of supernova explosion elemental yields, these data can be
used to constrain the progenitor mass. With increasingly sophisticated models and
additional high quality data, application of this technique could result in many
more reliable progenitor mass determinations. In addition, high resolution X-ray
spectra allow us to measure the temperature evolution of a supernova and can give
us a detailed picture of the progenitor’s pre-supernova evolution. As we build up
additional examples from the great diversity of core collapse supernovae, we hope
to come to a better understanding of the last stages of massive star evolution.

1 The Utility of X-ray Spectra

In this talk, I will focus on two particular uses of X-ray spectra, both of
which rely on emission lines. The first use is simply to measure the velocity-
broadened width of an emission line. This would unambiguously determine
whether the X-ray emission originated from the reverse shock region (with a
characteristic speed of ∼10,000 km s−1, see [1]) or from a shocked, clumpy
wind (with a characteristic speed of ∼9,000 km s−1, see [2]). The second
use requires multiple emission lines in the spectrum. The observed elemental
abundance ratios are compared with those calculated from numerical sim-
ulations of supernova explosions with a range of progenitor masses. This
comparison will constrain the progenitor mass.

2 Observed Spectra with Emission Lines

To date, 20 core-collapse supernovae have been observed in X-rays, and
nine of these have been observed just in the last four years since the
launch of the Chandra X-ray Observatory and XMM-Newton. An online
list of all the observations is maintained by Stefan Immler and available at
http://lheawww.gsfc.nasa.gov/users/immler/supernovae list.html. Of these 20
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Fig. 1. MEKAL fit (solid line) to the summed spectrum (crosses) of SN 1998S.
Labels indicate approximately where emissions lines for each element would be
observed.

supernovae, only a handful have shown emission features in their X-ray spec-
tra. I will now briefly review these.

2.1 SN 1986J – ASCA Reveals an Fe Line

The type IIn SN 1986J was observed twice with the ASCA satellite, once in
1994 and again in 1996. Houck et al. [4] reported the detection of an Fe K
line at 6.7 keV. SN 1986J was relatively near (d = 9.6 Mpc) and luminous
(Lx = 2×1040 erg s−1), but the low collecting area of ASCA resulted in only
about 6200 counts in the 1994 observation and about 6000 counts in the 1996
observation. The authors were only able to constrain the width of the Fe line
on the upper end, with a 90% confidence limit that the width is less than
20,000 km s−1.

2.2 SN 1993J – ASCA Reveals an Fe Line

This nearby (d = 3.6 Mpc) type IIb supernova was observed many times
with ASCA in the year following the explosion. These early observations are
described by [6]. The first observation was eight days after explosion, when
the X-ray luminosity was Lx = 1.5 × 1040 erg s−1. An Fe K line at 6.7 keV
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Table 1. Observed and Calculated Elemental Abundance Ratios

Ratio SN 1998S 13 M� 15 M� 18 M� 20 M� 25 M� 40 M�

Ne/Si 0.6–14 0.14 0.17 0.86 1.1 2.2 0.56
Mg/Si 0–0.7 0.18 0.49 0.58 1.1 2.1 1.1
O/Si 0–1.2 0.20 0.43 0.80 1.4 2.4 1.6

was detected, but again the width could not be constrained on the lower end.
The 90% upper limit on the width is 27,000 km s−1.

2.3 SN 1995N – A Possible Si Line

This type IIn supernova at 24 Mpc was still quite luminous (Lx = 15 × 1040

erg s−1) when an ASCA observation was made in 1998. Although there were
no clear line detections in the 3200-count spectrum, Fox et al. [3] point out
a “hint in the fit residuals” near the Si K line.

2.4 SN 1998S – Chandra Reveals a Wealth of Emission Lines

This type IIn supernova at 17 Mpc was observed with Chandra five times
from early 2000 to late 2001. Pooley et al. [8] reported there was little evolu-
tion of the spectral shape, and the X-ray luminosity decreased steadily from
9.3 × 1039 erg s−1 in the first observation to 5.3 × 1039 erg s−1 in the last.
The individual spectra were summed to produce a 2600-count spectrum in
which emission lines were seen from Ne, Al, Si, S, Ar, and Fe (see Fig. 1).
Unfortunately, none of the emission lines was strong enough to have a well-
constrained width. However, given the plethora of emission lines, Pooley et
al. compared the observed abundance ratios (derived from MEKAL fits in
XSPEC) to those calculated from the numerical simulations of [7] in the
hopes of constraining the progenitor mass. This was the first time such an
analysis had been done with X-ray data. Although there were large uncer-
tainties, Table 1 shows that the observed abundance ratios are compatible
with a progenitor mass in the range 15–20 M�.

This progenitor mass determination comes with some caveats, however.
First, it assumes the ejecta are well mixed, but such mixing has been ob-
served, for example in the Cas A supernova remnant [5]. Another caveat is
that the observed abundance ratios are model-dependent, in this case the
MEKAL model. In addition, there are uncertainties in not only the data but
also the model calculations. However, as our understanding of the explosion
grows and as we continue to obtain high-quality X-ray data and develop
increasingly sophisticated models, this method could yield many progenitor
mass determinations of future supernovae.
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Fig. 2. MEKAL fit (solid line) to the spectrum (crosses) of SN 2003bg. Labels
indicate approximately where emissions lines for each element would be observed.

2.5 SN 2003bg – Chandra Reveals a Wealth
of Emission Lines Again

This type Ic/pec supernova at 19 Mpc was observed with Chandra about
a month after discovery. A preliminary analysis of the data [9] indicates an
X-ray luminosity of 4 × 1039 erg s−1, and MEKAL fits in XSPEC indicate
emission features from O, Mg, Si, S, Fe, and possibly Ne (see Fig. 2). In com-
parison to SN 1998S, there is much stronger O emission and much weaker Ne
emission in SN 2003bg. An analysis of the abundance ratios is in preparation,
as is the analysis of a follow-up Chandra observation taken a few months after
the first one (Pooley et al., in prep.).

3 Summary and Future Prospects

The X-ray spectra of young supernovae can be a powerful tool to determine
the X-ray emitting regions and to constrain the progenitor mass. The ability
to accurately measure the width of an X-ray emission line is hampered by
the relatively low X-ray flux of all but the closest supernovae; the situation
should improve as the collecting area of satellites grows. The current gener-
ation of X-ray satellites (Chandra and XMM-Newton) is ushering in a new
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era in the study of young supernovae. Future satellites (such as Astro-E and
Constellation-X) will feature larger collecting areas and will have exquisite
energy resolution (by using calorimeter instruments). With future instru-
ments, we will be able to resolve emission line complexes and perform detailed
plasma diagnostics to determine elemental abundances with less dependence
on specific models.
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Summary. The Geneva evolutionary code has been modified to study the ad-
vanced stages (Ne, O, Si burnings) of rotating massive stars. Here we present the
results of four 20 M� stars at solar metallicity with initial rotational velocities, υini,
of 0, 100, 200 and 300 km/s in order to show the crucial role of rotation in stellar
evolution. As already known, rotation increases mass loss and core masses [4]. A fast
rotating 20 M� star has the same central evolution as a non-rotating 26 M�. Ro-
tation also increases strongly net total metal yields. Furthermore, rotation changes
the SN type so that more SNIb are predicted (see [5] and [6]). Finally, SN1987A-like
supernovae progenitor colors can be explained in a single rotating star scenario.

1 Computer Model

The computer model used is the Geneva evolutionary code (see [5]). Convec-
tive stability is determined by the Schwarzschild criterion. The overshooting
parameter, αover = dover/HP is equal to 0.1 for hydrogen- and helium-burning
cores and equal to 0 afterwards. Modifications have been made to study the
advanced stages of the evolution of rotating massive stars. Dynamical shear
has been included using Ric = 1/4 [2]. Note that the computer model still in-
cludes secular shear and meridional circulation. The structure equations have
been stabilized using Sugimoto’s prescription [7]. Furthermore, convection is
treated as diffusion from the Oxygen (O) burning stage because convection
is no longer instantaneous. The algorithm developed for rotational mixing
is used for this purpose. Finally, the nuclear reaction network has been ex-
tended and contains all the multiple-α elements up to 56Ni except 8Be. The
reaction rates are taken from the NACRE compilation or Hauser-Feschbach
code calculations (ULB, Belgium).

2 Evolution

The early evolutionary stages are presented in [5]. Here we concentrate on
solar metallicity 20 M� stars and study the effect of rotation by examining
four models with initial rotational velocities of 0, 100, 200 and 300 km/s.
Calculations have been followed until end of central O-burning for the υini =
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Fig. 1. HR diagram for the solar metallicity 20 M� stars with initial rotational
velocities of 0, 100, 200 and 300 km/s.

100 and 200 km/s models, end of central Si-burning for the υini = 300 km/s
model and end of first shell Si-burning for the non-rotating model.

2.1 Hertzsprung-Russell (HR) Diagram

Figure 1 shows the evolutionary tracks of the four different 20 M� stars in the
HR diagram. The non-rotating model ends up as a red supergiant (RSG) like
other group models (see, e.g., [1] or [3]). However, the rotating models show
very interesting features. Although the 100 km/s model remains a RSG, the
200 km s−1 model undergoes a blue loop to finish as a yellow-red supergiant
whereas the 300 km s−1 model ends up as a blue supergiant (BSG). Thus
rotation may strongly affect the shock wave travel time through the envelope
when the star explodes in a supernova event, since this time is proportional
to the radius of the star (RSG radii are about hundred times BSG ones).
Moreover, the behavior of the models with υini between 200 and 300 km s−1

is reminiscent of the evolution of the progenitor of 1987A indicating that
rotation may play a role in similar cases.

2.2 Central Evolution

The central evolution is best seen in the central temperature, Tc, versus
central density, ρc, diagram (Fig. 2). We can see that rotation makes the
cores slightly less degenerate (higher Tc and smaller ρc). This is explained by
the bigger core masses. We also see that the “C-bump” due to the convective
central C-burning fades away when rotation increases (see also Fig. 3). This is
again a consequence of more massive cores in rotating models which implies
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Fig. 2. Tc versus ρc diagram.

Fig. 3. Kippenhahn diagrams: mass (M�) versus log10(∼ time left until core col-
lapse) (yr). Left non-rotating 20 M� model. Right υini = 300 km/s 20 M� model.
Colored zones show convective zones. Letters indicate burning stages.

higher neutrino loss rates and smaller central carbon abundance at the end
of He-burning phase.

3 “Pre-SN” Models

3.1 Mass Loss and Core Masses

We can see in Fig. 4 that both mass loss and helium (He) core masses, Mα,
increase with rotation as already known. There is a saturation effect at high
rotation when the star is left with hardly any hydrogen (H) envelope. As can
be seen in [5], rotation noticeably increases the number of Wolf-Rayet stars
(WR). Here we see that there is a smooth transition between SN type from
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Fig. 4. Final total mass, Mfinal, and helium core mass, Mα, as a function of υini.
Non-rotating 25 M� model masses are also shown for comparison.

Fig. 5. Abundances profile for main elements at the end of central Si-burning. Left
non-rotating 20 M� model. Right υini = 300 km/s 20 M� model.

IIP → IIL → IIb (→ Ib). We also note that the υini = 300 km s−1 20 M�
model has a bigger He core than the non-rotating 25 M� model (it would
correspond to the core of a non-rotating 26 M� model). The carbon-oxygen
core mass, MCO, increases with rotation in a similar way as Mα. The Silicon
(Si) core mass at the end of central O-burning only slightly increases with
rotation.

3.2 Abundances Profile and Net Yields

In Fig. 5 we notice the smoother profiles due to rotational mixing and also
the very small quantity of remaining H. The “pre-SN” net yields calculated
at this stage show that rotation increases the total metal yield and 16O yield.
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Fig. 6. Net yields of the sum of all metals, YZ, and individual elements as a function
of υini.

Typically, the total metal yield of the υini = 300 km s−1model is twice the one
of the non-rotating model. On the other hand, rotation decreases H-burning
products yields (notably 4He) as can be seen in Fig. 6.

References

1. A. Heger, N. Langer: Astrophys. J. 544, 1016 (2000)
2. R. Hirschi et al. : astro-ph 0301357 (2003)
3. M. Limongi, O. Straniero, A. Chieffi: Astrophys. J. Suppl. 129, 625 (2000)
4. G. Meynet, A. Maeder: Astron. Astrophys. 361, 101 (2000)
5. G. Meynet, A. Maeder: Astron. Astrophys. 404, 975 (2003)
6. N. Prantzos, S. Boissier: Astron. Astrophys. 406, 259 (2003)
7. D. Sugimoto: Astrophys. J. 159, 619 (1970)



Radiation Bursts
from a Presupernova Collapsar

Volodymyr Kryvdyk

Kyiv National University, av. Glushkova 6, Kyiv 03022, Ukraine;
kryvdyk@mail.univ.kiev.ua

Summary. The radiation from the magnetic presupernova star is calculated. This
radiation will generate when the magnetosphere of presupernova star compresses
during collapse and its magnetic field increases considerably. The variable magnetic
field will accelerate the charged particle, which generate radiation when moving in
the magnetic field. The particles dynamics and their non-thermal emission in the
magnetospheres of presupernova collapsing star with initial dipole magnetic fields
and a certain initial energy distribution of charged particles in a magnetosphere
are considered. The radiation flux depend on the distance to the star, its magnetic
field, and the particle spectrum in the magnetosphere. This flux can be observed
by means of modern instruments in broad band (from radio waves to gamma rays).
The radiation flux grows with decreasing stellar radius and frequency and can be
observed in the form of radiation bursts with duration equal to the stellar collapse
time.

1 Introduction

Collapsing stars have investigated first Chandrasekhar and Oppenheimer-
Volkoff in papers [1, 13]. Collapse begins when the mass of stellar core exceeds
the Chandrasekhar Limit, and the star become dynamically unstable. The
star compress and its radius decrease. The stellar magnetic field grows during
the collapse [2]. The stars must emit electromagnetic and the gravitational
waves under the collapse [3, 4, 5, 6, 11]. Today we can not detected these
waves near Earth over the very low frequencies these waves [3, 4, 5, 11], and
maybe it is the main problem in the observation of stellar collapse. Therefore
the collapsing stars are so far only the theoretical objects and not detected
directly by astronomical observations. Of course, we can detected such phe-
nomenon as the explosion of supernova stars and their emission [10, 12]. But
the explosion takes place after collapse and this phenomenon is a consequence
of the gravitational collapse.

In our paper we propose a test for search of the presupernova stars on
the stage of gravitational collapse using the non-thermal emission from the
magnetospheres of presupernova collapsing stars.
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2 Presupernova Collapsar Magnetosphere

When the star magnetosphere compresses under the collapse, its magnetic
field considerably increases. The cyclic electric field thus produced, acceler-
ate charged particles that generate radiation when moving in the magnetic
field. The field structure and particles dynamics in the magnetosphere are
influenced by three factors: particles pressure, collisions, and star rotation.
As follow with the detail analysis [7], these effects can be neglected during the
collapse. To investigate particle dynamics in magnetosphere the method of
adiabatic invariant have used as since the magnetospheric plasmas is frozen
in magnetic field and collision-free. In this case there are two mechanisms of
the particle interaction with the magnetic fields. First is betatron accelera-
tion in the variable magnetic field, second is bremsstrahlung energy losses in
this field.

The external electromagnetic field of a collapsing star is given by [7]
B(r, θ, t) = (1/2)FoRr−3

(
1 + 3 cos2 θ

)1/2
. Here Fo = BoR

2
o is the initial

magnetic flux of star with the radius R having the initial radius Ro and the
initial magnetic field Bo.

The particles spectrum for such magnetosphere [7] is Np(E,R) =
KpE

−γR−β1∗, NM (E,R) = KME2R−β2∗ exp(−E/kT ), NB(E,R) = KBR−β3∗
exp(−E/ kT ), respectively for the initial a power -law, relativistic Maxwell
and Boltzmann distributions of charged particles in the magnetosphere. Here
KC ,KM ,KB are the spectral coefficients; k is the Boltzmann constant; E is
the particle energy and T is the temperature in the magnetosphere; γ is the
power spectrum, R∗ = R0/R, β1 = a1(γ − 1); β2 = a1(E/kT lnE − 3);
β3 = a1(E/kT lnE−1), a1 = (5k1/3)(3 cos4 θ+1.2 cos2 θ−1)(1+3 cos2 θ)−2;
k1 = 1 and k1 = 2 for relativistic and non-relativistic particles, respectively.

3 Non-thermal Radiation from Presupernova Collapsar

The ratio between the radiation flux from the presupernova collapsing stars
on the any stage of collapse (when the stellar radius decrease to the value
R) and its initial radiation flux (when the radius is R0), respectively for the
power-law, relativistic Maxwell, and Boltzmann distributions are [8]

IνP /IνP0 = (ν/ν0)(1−γ)/2Rγ−2
∗ (IνP2/IνP20) , (1)

IνM/IνM0 = R−3
∗ (ν/ν0)(1/kT )

∫ ∞

0

∫ π/2

0

R−β2∗ exp(−E/kT ) sin θdEdθ, (2)
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IνB/IνB0 = R−3
∗ (kT )(ν/ν0)

∫ ∞

0

∫ π/2

0

R−β3∗ E−2 exp(−E/kT ) sin θdEdθ

(3)
Using equations (1)-(3) the radiation flux from presupernova collapsar

can be calculated. The ratio between the radiation flux from collapsing stars
and its initial flux by ν/ν0 = 1 are in the ranges:

1≤ IνP /IνP0 ≤ 1.34 × 1010 for 2.4≤ γ ≤ 3.4, 10
≤ R∗ ≤ 1000;

1≤ JνM/JνM0 ≤ 4.86 × 105 for 1 eV ≤ kT ≤ 9 eV, 145≤
R∗ ≤ 850;

1≤ JνB/JνB0 ≤ 2.23 × 1011 for 1 eV ≤ kT ≤ 9 eV, 145≤
R∗ ≤ 850;

These values obtained by the numerical integration of the equations for
the ratio between the radiation flux in the range 2 eV ≤ E ≤ 109 eV, 0 ≤
θ ≤ π/2 for the different radius R∗ , temperature kT and index γ.

4 Conclusions

We can see that the presupernova stars on the stage of gravitational collapse
can be the powerful sources of the non-thermal radiation impulses. Then
collapsing star can lose the part their mass and flare up as supernova with
a expanding shell. But before the explosion supernova star must precede the
stage of gravitational collapse when the star compress under the influence of
gravitation. On this stage a star is the powerful source of the non-thermal
radiation. The impulse of the non-thermal radiation can observed also before
explosion of nova. The powerful sources of the non-thermal radiation can
be also the white dwarfs in double systems on the stage accretion induced
collapse [9]. Periodic impulses of non-thermal radiation can be generated also
by pulsation of the stars with magnetic field, since in this case the charged
particles can accelerate and the non-thermal emission generate.

What problems can arise by the astrophysical observation of the non-
thermal radiation from the collapsing presupernova stars? First the theory
of the stellar evolution does not enable us today to point to the location of
presupernova stars before their explosion. This fact is principal problem in
the astrophysical observation for the search of presupernova collapsing stars.
Second problems is that the stellar collapse pass very rapidly. But this prob-
lem can be solved since the modern instruments enable to observe the very
short impulse. Next problems is how to choose the impulse from presupernova
collapsing stars from the great numbers of bursts with the unknown origin.
These questions require additional investigations.
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Summary. We report on recent MERLIN, VLA and VLBI observations of the
compact radio sources in the nearby starburst M82, with angular resolutions rang-
ing from arcseconds to milliarcseconds. The spectral properties of the compact
sources have been investigated by 15 GHz VLA-Pie Town observations which show
that 16 of the less luminous compact sources are, in fact, HII regions. However
the steep non-thermal spectrum, parsec size and small variability of the remaining
sources is consistent with their being supernova remnants. Several show clear shell
structures at MERLIN resolution (∼50 mas) and 5 have been resolved further using
VLBI. Measurements of the most compact source (41.95+575) shows an expansion
velocity of ∼ 2000 km s−1, and one of the best defined SNR shells (43.31+592)
shows an expansion velocity of ∼ 104 km s−1. Recent VLBI and MERLIN mea-
surements confirm this expansion velocity and show little evidence for deceleration.
We comment on the discrepancy between this measured expansion velocity and the
low expansion velocities predicted theoretically for remnants in M82.

1 Introduction

Although studies of extragalactic supernova remnants (SNR) are currently
limited by sensitivity, and to some extent angular resolution, such studies
provide unique insights into the early evolution of radio supernovae and su-
pernova remnants. Whilst the extensive studies of remnants in our own galaxy
are particularly valuable for testing details of the physical processes occurring
in individual remnants, they are limited by the fact that the youngest known
galactic supernova remnant is over 300 years old. In addition the distances
of many galactic remnants are quite uncertain, which has resulted in studies
involving surface brightness-diameter plots being highly suspect. Further-
more because of the large differences in distance, statistical inferences based
on observations with constant angular resolution and sensitivity are severely
affected by selection effects.

Studies of extragalactic SNR in starburst galaxies have a number of ad-
vantages. Firstly the high star formation rate results in a relatively large
number of young supernova remnants with ages measured in decades, rather
than centuries. Secondly as the starburst region is typically a kiloparsec in
extent, and as distances to even the nearest starburst galaxies are a few
Mpc, the relative distances to each SNR will only vary by ∼0.1%. Finally
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radio synthesis techniques ensure that all the SNR are observed with same
angular resolution and sensitivity. Hence as all the SNR are essentially at the
same distance this corresponds to a constant linear resolution and surface
luminosity limit.

2 The Compact Sources in Messier 82

Although radio supernova remnant studies have been carried out on several
nearby starburst galaxies, by far the most extensive have been carried out
in the Messier 82 starburst. Compact sources were first noted in M82 by
Kronberg & Wilkinson [5], but it was not until the advent of MERLIN [13]
and the VLA [6] that ∼50 compact radio sources were separated from the
extended background. Although initially it was thought that some of these
may be radio supernovae, the relatively low star formation rate inferred from
FIR observations (see below), together with the lack of significant variabil-
ity of most sources, implied that the more luminous compact sources were
supernova remnants. This was subsequently confirmed by 5 GHz MERLIN
observations [10] in which all the sources were shown to be extended with sizes
of typically a few parsecs and many had the shell or partial shell structures
typical of remnants.

2.1 Distinguishing Between Supernova Remnants
and HII Regions

The majority of the more luminous compact sources in M82 showed a steep
spectrum, consistent with synchrotron emission from supernova remnants
(e.g., [1]). Although from these initial spectral studies it appeared that only
one compact source had a spectrum consistent with thermal emission, the
sample only included about half (∼26) of the known compact sources and
as they were selected at relatively low frequencies hence had a bias towards
non-thermal sources.

However recent work [9] determined the two point (5 and 15 GHz) spectra
of 46 the compact sources in M82 by using the extended VLA (i.e., including
the Pie-Town Antenna) at 15 GHz which resulted in an angular resolution
of 80 mas (=1.2 pc) which can be directly compared to MERLIN 5 GHz
observations with 50 mas resolution. Fig. 1 shows a plot of spectral index
against average brightness temperature of the compact sources, from which
it can be seen that 16 had inverted spectra and brightness temperatures
consistent with optically thick compact HII regions with emission measures
of ∼ 107 pc cm−6 implying relatively high thermal pressures.
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Fig. 1. The 5/15 GHz spectral index plotted against the average brightness tem-
perature of 46 of the compact sources in Messier 82. The filled squares are consistent
with supernova remnants, and the open circles with compact HII regions (adapted
from [9]).

3 Star Formation and Supernova Rates in M82

The global star formation rate (SFR) of a galaxy can be estimated using a
measurements in the ultra-violet, optical, infra-red and radio [4]. However as
starburst galaxies usually contain large quantities of dust, the estimates of
SFR from ultraviolet and optical data are uncertain due to dust extinction.
M82 is no exception with Av typically 20-30 magnitudes. Fortunately the ra-
dio method [4] is not affected by dust extinction and hence the star formation
rate can be estimated from the equation

SFR(M ≥ 5 M�) =
L1.4

4.0 × 1021
M�yr−1 (1)

where L1.4 is the total 1.4 GHz luminosity of the galaxy [4]. Note that to
avoid complications with the initial mass function (IMF) of low mass stars,
this relation gives the star formation rate for stars with mass > 5 M�. Hence
as the total flux density of M82 at 1.4 GHz is ∼8.5 Jy and using a distance
of 3.2 Mpc, then SFR(M ≥ 5 M�) for M82 can be estimated to be ∼ 2.5 M�
yr−1. Also the radio thermal free-free contribution is reasonably well defined
in M82 [2] and can be used to estimate a star formation rate [12] consistent
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with the above value. Finally the star formation rate derived from the total
FIR luminosity also gives a value of SFR(M ≥ 5 M�) close to 2 M� yr−1.

If the SFR is constant over ∼ 107 years, then in principle the type II
supernova rate can be derived directly from the star formation rate and the
initial mass function, on the assumption that all stars with masses > 8 M�
become supernovae. Hence assuming a Miller-Scalo IMF the supernova rate
νsn is related to the star formation rate via

SFR(M ≥ 5 M�) = 25νsn M�yr−1. (2)

Thus, if SFR(M ≥ 5 M�) is ∼ 2 − 2.5 M�yr−1 this implies a supernova
rate of ∼ 0.08 − 0.1 yr−1 in M82.

Several methods can be used to estimate the supernova rate directly from
the radio parameters of the M82 supernova remnants [10, 12]. The simplest
method is to assume that all the M82 remnants which are brighter and smaller
than the Cassiopeia A remnant in our galaxy are younger than 330 years.
Alternatively if a constant expansion velocity is assumed (e.g., 5000-10000
km s−1) this gives the ages of the remnants and hence the supernova rate
[10]. Finally van Buren & Greenhouse [14] estimated the supernova rates from
remnant luminosities. These methods give supernova rates ranging from 0.05
to 0.1 yr−1 - consistent with the star formation rates derived above. It is
possible that not all supernovae produce radio emitting remnants, and if so
this would imply an even larger supernova rates.

However some doubts have been raised concerning the evolution of the
remnants in M82. Kronberg et al [7], in a study of the variability of 24
remnants, claim, using statistical arguments, that in a large fraction of the
remnants the radio luminosity is decaying at less than 0.1% per year. If true
this could suggest that the remnants are over a thousand years old. Also
recent theoretical studies [3] have suggested that the high pressure of the in-
terstellar medium in M82 would result in the supernova remnants expanding
at only 500 km s−1, hence as the observed sizes are typically a few parsecs,
this again would imply ages of thousands of years. Both these results appear
to be inconsistent with the supernova rates of ∼0.1 yr−1 derived above, which
require that the ages of typical remnants are a few hundred years.

4 Interstellar Medium Pressures in M82

Chevalier & Fransson [3] assume that the pressure in the starburst region of
M82 is 107 cm−3K and from this derive the low (500 km s−1) SNR expansion
velocities. While there is no doubt that part of the starburst must be at this
pressure (e.g., the compact HII regions [9]), it seems likely that much of the
starburst is not in static pressure equilibrium and that a range of pressures
are present.

As the photoionized component in M82 has a temperature of ∼ 104 K,
the pressure assumed by Chevalier & Fransson would require that the density
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Fig. 2. Four VLBI images ([11] and Riley et al. , this meeting) of the supernova
remnant 43.31+59 taken in 2001.1, 1998.9, 1997.5, and 1986.9 convolved to a com-
mon angular resolution of 15 mas. The contours levels are at 12.5% of the peak flux
density of each image.

of this gas be ∼ 103 cm−3. However the free-free absorption measurements
taken against the individual remnants show emission measures of ∼ 5 × 105

pc cm−6 [16], and hence densities of ∼ 103 cm−3 would imply ionized gas
path lengths of only ∼0.5 pc. Given that the extent of the starburst region
is at least 500 pc, unless the ionized gas is contrived to occupy the 0.1% of
the volume of the starburst in the immediate vicinity of each remnant, it is
difficult to see how the ionized component can provide sufficient pressure to
slow the SNR expansion to 500 km s−1.

Chevalier& Fransson suggest that the SNR may be confined by the in-
terclump medium of molecular clouds in M82 and note that many of the
remnants are in the line of sight to regions of strong CO emission. This is,
however, not conclusive evidence that the remnants are embedded within the
clouds, and often the H1 absorption spectra measured directly against the
remnants [17] do not support this interpretation (see discussion of 43.31+592
below). Furthermore studies by Weiss et al [15] have shown that the molec-
ular gas in the star forming regions of M82 has a kinetic temperatures of
∼ 150 K and densities of ∼ 103 cm−3 which corresponds to a pressure two
orders of magnitude less than that assumed by Chevalier & Fransson.

Clearly the ISM of M82 is complex, and to assign a single pressure to the
starburst region may be unrealistic. Hence it is likely that many of the SNR
in M82 are embedded in regions with pressures significantly lower than 107

cm−3 K and hence have expansion velocities >> 500 km s−1.

4.1 Measuring Expansion Velocities

Now that we can resolve the compact sources in M82 [10], in principle it is a
relatively simple matter to measure their expansion velocities by measuring
their size over a period of time, although such studies are limited by current
instrumental sensitivity to the brightest sources. The first expansion mea-
surements were made by Pedlar et al [11] on the compact sources 41.95+575
& 43.31+592. The brightest, most compact source (41.95+575) was shown to
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Fig. 3. The size of 43.31+592 plotted as a function of age including the 2001.1
measurement. The Figure also shows different expansion models. Adapted from
McDonald et al [8].

have an elongated structure and the expansion velocity along the major axis
was constrained to < 4000 km s−1. Subsequent global VLBI measurements
[8] showed it to have an expansion velocity of ∼ 2000 km s−1. This source
is, however, rather anomalous on account of its high radio luminosity and
its rapid decay. Also the global VLBI structure is highly elongated and more
like a bipolar structure than a shell – unlike a typical SNR [8].

The source 43.31+592 is much more typical an SNR of shows a well-
defined shell structure (Fig. 2). By comparing data observed in 1986 and
1997, Pedlar et al [11] deduced an expansion velocity of ∼ 10000km s−1.
Subsequent Global VLBI measurements ([8] and Riley et al. , this meeting)
have confirmed this result and shown its expansion to be consistent with no
deceleration (Fig. 3), implying an age of about 35 years. As the SNR seems
to be in free expansion we can set a simple constraint of < 2000 atoms cm−3

to the external density by assuming that the mass of gas swept up is less
than the mass ejected. The expansion velocity of this source clearly exceeds
the 500 km s−1 predicted by Chevalier & Fransson, which may be accounted
for if it is in a region with relatively low external pressure. This assertion
is supported by the lack of a low frequency turnover at 73 cm [16] in the
spectrum of 43.31+592 even though it is in the line of sight to regions with
strong free-free emission. This shows that the remnant is in front of, and
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not embedded in, the relatively dense ionized gas in the central region of
M82. Even though relatively strong H1 absorption (5 × 1021 atoms cm−2)
is seen against this remnant [17], its narrow width and systemic velocity is
consistent with absorption by a disk of H1 external to the central region
of M82. Hence this is further evidence that this SNR is not embedded in
neutral gas the center of the starburst. Thus if this SNR is in a relatively low
pressure region, it may be possibly reconcile the difference between the 500
km s−1 predicted by Chevalier & Fransson and the measured ∼10000 km s−1

expansion velocity.
Recent MERLIN observations (Muxlow et al. , this meeting) have inde-

pendently confirmed the above expansion velocities and also measured the
expansion velocities of 2 more remnants. One of the remnants has a veloc-
ity close to 10000 km s−1, whereas the other is relatively low at 2000 km
s−1. We now have 4 expansion measurements and find little evidence for 500
km s−1 expansion velocities. Hence we see no reason to revise the supernova
rates or remnant ages that we have inferred previously. Higher sensitivity
observations using e-MERLIN, combined with an increasing time baseline,
will enable the expansion velocities of many more remnants in M82 to be
determined and hence constrain both the supernova rate and the parameters
of the interstellar medium in M82.
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Summary. An 8 day MERLIN deep integration at 5GHz of the central region
of the starburst galaxy M82 has been used to investigate the radio structure of a
number of supernova remnants in unprecedented detail revealing new shells and
partial shell structures for the first time. In addition, by comparing the new deep
2002 image with an astrometrically aligned image from 36 hours of data taken in
1992, it has been possible to directly measure the expansion velocities of 4 of the
most compact remnants in M82. For the two most compact remnants, 41.95+575
and 43.31+592, expansion velocities of 2800 ± 300 km s−1 and 8750 ± 400 km s−1

have been derived. These confirm and refine the measured expansion velocities
which have been derived from VLBI multi-epoch studies. For remnants 43.18+583
and 44.01+596, expansion velocities of 10500 ± 750 km s−1 and 2400 ± 250 km s−1

have been measured for the first time. In addition, the peak of the radio emission
for SNR 45.17+612 has moved between the two epochs implying velocities around
7500km s−1. The relatively compact remnants in M82 are thus found to be expand-
ing over a wide range of velocities which appear unrelated to their size. The new
2002 map is the most sensitive high-resolution image yet made of M82, achieving
an rms noise level of 17µJy beam−1. This establishes a first epoch for subsequent
deep studies of expansion velocities for many SNR within M82.

1 Introduction

M82 is a well known nearby (3.2Mpc) starburst galaxy. The central 1 kpc
region contains at least 30 compact supernova remnants (SNR) with ages less
than around 1000 years which have been imaged at high angular resolution
by MERLIN [3] for over a decade. The most compact SNR have also been
studied at very high angular resolution with VLBI [2, 4, 5]. All the SNR are
resolved by MERLIN; however detailed expansion studies have been limited
by the relatively poor signal-to-noise ratios of the earlier epoch images of
many of the more resolved SNR. The 2002 epoch deep 8 day integration
establishes the first MERLIN 5GHz image with high signal-to-noise ratios
on the majority of well-resolved SNRs seen in M82. Subsequent deep images
planned for later epochs will utilize the resurfaced Lovell antenna and new
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Fig. 1. Profile through the residual image of SNR 43.31+592 after subtraction of
the 2002 image from the 1992 map. The positive central and negative outer regions
are indicative of expansion between the epochs.

more sensitive 5GHz receiver systems and optical-fiber wide-band links which
are being developed for e-MERLIN. This will allow the detailed study of the
evolution of the expanding shells to be made for the majority of SNR in M82.

2 The MERLIN Observations

Observations of M82 and the phase calibration source 0955+697 lasting
around 36 hours were made on 2 – 3 July 1992 at 4994GHz with the 6
element MERLIN array. The deep 8 day MERLIN integration was observed
between the 1 and 28 April 2002 at the same frequency. The flux density scale
was calibrated from observations of the point source OQ208 and 3C286.

The 2002 dataset were processed directly in J2000 coordinates with an
updated position for the phase calibration source 0955+697 which has been
measured to better than 1 mas [1]. In order to astrometrically align the 1992
data, they were first precessed to J2000 and corrections made to the nominal
pointing center in order to account for the error in the original assumed
position for 0955+697 (several tens of mas). Finally, the peak of the most
compact source in M82 (41.95+575) as measured in the 1992 image was
aligned under the peak as seen in the deep 2002 image; involving a positional
translation of less than 2 mas. After alignment on 41.95+575, the peaks
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Fig. 2. Map of SNR 43.18+585 from the deep 2002 epoch MERLIN dataset con-
volved with a 35 mas circular beam, with contours at (1, 2, 3, ....12)×50 µJy beam−1.
Fitted positions for the 2002 epoch are shown as circles. Fitted positions for the
1992 epoch are shown as crosses.

of emission for the next two most compact SNR in M82 (43.31+592 and
44.01+596) were found to align between the two epochs to better than 1
mas. Since SNR 44.01+596 lies 16.5 arcseconds from 41.95+575 this implies
than any relative stretch errors between the two epochs are at levels of 0.001%
or better.

3 Structural Evolution Between 1992 and 2002
for Compact SNR in M82

In this section we summarize the structural evolution found between the
images taken in epochs 1992.504 and 2002.249. The two most compact sources
(41.95+575 and 43.31+592) have been studied for a number of years at mas
angular resolution with Global VLBI. For these sources MERLIN provides
an independent measure of the expansion velocities.

41.95+575 is the only source in M82 to show long-term systematic flux
density variation with time and has been found to monotonically decrease
in flux density at a rate of 8.5% year−1 over many years. Between 1992 and
2002 the source was found to have decreased in flux density from ∼ 40 mJy
to ∼ 17 mJy and the major axis of the source to have increased in size by 3.6
mas from 21.12± 0.05 to 24.71± 0.07 mas implying an expansion velocity of
2800 ± 300 km s−1. This is in good agreement with global VLBI results and
if the source is in free expansion, suggests a birth date around 1945.
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Fig. 3. SNR shell and partial shell structures in M82 revealed for the first time by
the deep 2002 MERLIN image.

Between 1992 and 2002 this SNR 43.31+592 was found to have grown
in size. The formal fit to the major axis is for an increase from 39.03 ± 0.04
to 49.52 ± 0.02 mas and for the minor axis an increase from 28.69 ± 0.04 to
40.43 ± 0.02 mas. Taking an average value, this implies an expansion speed
of 8750 ± 400 km s−1, again in good agreement with global VLBI results
(J.D. Riley et al. , these proceedings). There is also some evidence to suggest
that the flux density of this SNR may have increased from ∼8.5 to ∼10.2 mJy
between the two epochs. If the SNR is in free expansion this high velocity
makes it the youngest SNR in M82 with a birth date around 1963.

SNR 43.18+585 is substantially resolved by MERLIN and positional fits
to the peaks of emission as seen in the 1992 and 2002 epochs (See Fig. 2)
together with integrated annular profiles, have shown that these peaks have
moved outward by 7.05 ± 0.15 mas in the 9.75 years between the epochs of
the images implying an expansion velocity of 10, 500 ± 750 km s−1. If the
SNR is in free expansion, with a measured mean radius of 37.7 mas in 2002,
the source has a birth date around 1949. This is the first time that a reliable
expansion velocity has been found for this SNR.

SNR 44.01+596 has a somewhat disrupted shell-like radio structure. How-
ever, a comparison between the images from the two epochs shows that the
major axis has increased by 3.40±0.05 mas, and the minor axis by 2.70±0.05
mas. This yields a relatively low expansion velocity of 2400±250 km s−1. As-
suming free expansion gives an age in excess of 160 years. Again, this is the
first time that an expansion velocity has been found for this SNR.

SNR 45.17+612 shows only a partial shell structure. The peak of emission
in the deep 2002 epoch image is found to be significantly displaced from that
of the 1992 image by ∼ 9.5 mas. This implies velocities ∼ 7500 km s−1.
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However, the direction of displacement does not appear to be radial (so far
as this can be discerned from a partial shell structure). The interpretation of
the measured motion is therefore unclear in this object.

The 2002 epoch image has revealed the detailed radio structures of many
other SNR in M82 for the first time. However the poor signal-to-noise ratio of
the original 1992 maps prevents reliable expansion measurements from being
achieved. For these weaker SNR, later epoch deep images will be required
before expansions velocities can be derived. These are planned, and with the
advent of e-MERLIN, we expect to make such measurements for the majority
of SNR in the central region of M82 over the next decade.

4 Conclusions

We have successfully measured the expansion velocities of the four most com-
pact SNR in the central nuclear region of M82 over a 9.75 year period between
1992 and 2002. The velocities found range from around 2500 kms−1 to in ex-
cess of 10000 kms−1 and do not appear to be related directly to the size or
implied age of the remnant. We confirm the velocities found by VLBI for
the two most compact remnants and report new results on two additional
sources. The deep 2002 epoch MERLIN image will be used as the first epoch
of a long-term study which should reveal the expansion velocities for the
majority of established SNR in M82
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Summary. We propose to use the thermal X-ray emission from young supernova
remnants (SNRs) originated in Type Ia supernovae (SNe) to extract relevant infor-
mation concerning the explosion mechanism. We focus on the differences between
numerical 1D and 3D explosion calculations, and the impact that these differences
could have on the modeling of young SNRs. We use the remnant of the Tycho su-
pernova (SN 1572) as a test case to compare with our predictions, discussing the
observational features that allow to accept or discard a given model.

1 From Supernova to Supernova Remnant

Thermonuclear supernovae play a key role in our understanding of the origin
of elements, the chemical evolution of galaxies and the large scale structure
of the universe. Yet, the many attempts to constrain their progenitor systems
and elucidate the detailed physics of the explosion mechanism have been un-
successful so far (see [3, 9] for reviews). In [1] we established a connection
between the thermal X-ray emission from shocked ejecta in the young super-
nova remnants originated by Type Ia explosions and a grid of 1D theoretical
supernova models, including examples from all the explosion mechanisms
currently under debate: pure deflagrations, delayed detonations, pulsating
delayed detonations and sub-Chandrasekhar explosions. We showed that the
different density and chemical composition profiles for the ejecta predicted by
the explosion models have a profound impact on the dynamics of the young
SNRs and result in different ionization states and electron temperatures for
the shocked plasma, and therefore different emitted thermal X-ray spectra for
each model. Significant conclusions about the explosion models can be drawn
using this technique; in particular, the differences between 1D and 3D explo-
sion models are large enough to have a noticeable impact on the spectrum of
the shocked ejecta several hundred years after the explosion itself.
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2 Discussion of the Analysis Technique

In [1] an adiabatic 1D hydrodynamic code was used to follow the evolution
of the SNR models. The use of an adiabatic code is justified by the absence
of optical emission from radiatively cooled knots in the well known Type Ia
SNRs Tycho and SN1006, in contrast to some core-collapse SNRs like Cas
A, which do have such emission. We have calculated the order of magnitude
of the radiative and ionization losses in the ejecta, and found that, except
for a few extreme cases, their impact on the dynamics was negligible up to
several thousand years after the explosion. Other factors that could compro-
mise this simple modeling technique, like thermal conduction, would require
even longer timescales, of the order of 10,000 yr, to have an impact on the
overall evolution. Deviations from 1D dynamics, either produced during the
formation of the remnant or already present in the ejecta or ambient medium
(AM), are difficult to quantify [15]. Type Ia SNRs seem to be more spher-
ically symmetric than core-collapse SNRs, with significantly less turbulent
dynamics, but the amount of clumping present in Type Ia SN ejecta is not
known, even if observations seem to imply that it is not very large (see Bravo
& Garćıa-Senz, these proceedings, and references therein). The presence of
clumps in the shocked ejecta will not affect our conclusions unless their den-
sity contrast is very large. It is worth noting that analysis of some of the
bright ejecta knots in Cas A seems to suggest that they have a low density
contrast [11], but this remains an open question, and needs to be addressed
with 3D models and high resolution X-ray observations.

3 Explosion Models: 3D vs 1D

Numerical calculations of thermonuclear supernova explosions in one dimen-
sion have become a commonplace benchmark for the analysis of Type Ia SNe,
but their validity is questionable because the subsonic combustion fronts (de-
flagrations) that play a fundamental role in all of them are subject to insta-
bilities, and therefore cannot be simulated with 1D codes in a self-consistent
way.

In recent times, the first three dimensional (3D) calculations of Type Ia
explosions have begun to appear in the literature: see [7, 14] and the paper
by Bravo & Garćıa-Senz in these proceedings. A common feature of all these
calculations, and the most remarkable difference between 1D and 3D models,
is the uniform mixing of unburned C and O material with 56Ni and other
elements throughout the ejecta. This mixing should have an impact on the
optical spectra of the supernovae and on the thermal X-ray spectra from
the shocked ejecta in the SNRs, but neither of these signatures has been
confirmed so far. [7] pointed out that no evidence for low-velocity C and
O was found in optical spectra of Type Ia SNe, but this assertion is being
revised [2]. Spatially resolved spectroscopy of Type Ia SNRs also provides



Remnants of Type Ia SNe 235

Fig. 1. Composition and normalized density profiles of the four Type Ia models
discussed in this paper: DDTa, W7, DDT3DA and DEF3D30b. For clarity, only C,
O, Si and Fe are represented. The thin dotted line is the normalized density profile.

indirect evidence for some kind of composition stratification in the shocked
ejecta [4, 10, 12]. The absorbed UV spectrum of the Schweizer-Middleditch
star, which is placed behind the remnant of SN1006, poses an alternative
observational constraint for the presence of mixing in Type Ia SN ejecta. No
evidence has been found for C or O absorption lines in HST observations of
this star [8], implying that these elements, if present, would have to be in
ionization states very different from those of the observed Si and Fe.

4 Spectral Signatures of C and O Mixing
in the Ejecta of Young SNRs

In Fig. 1 we present the composition and density profiles of four Type Ia
explosion models. DDTa is a 1D delayed detonation [1]; W7 is a 1D “fast”
deflagration [13]; DDT3DA and DEF3D30b are 1D mappings of 3D models
described by Bravo & Garćıa-Senz elsewhere in these proceedings: DDT3DA
is the delayed detonation with the transition where D>2.5 and DEF3D30b is
the deflagration with 30 equal size bubbles. The mixing of unburned C and
O with 56Ni (which we have represented as Fe, the product of its decay) is
apparent in the two 3D models, in contrast with the layered structure of the
1D models.

One of the main conclusions of [1] was that the density enhancement effect
towards the contact discontinuity between ejecta and ISM, first pointed out in
[5] and confirmed by 2D simulations in [6], dominates the integrated thermal
X-ray emission from the shocked ejecta. Self-consistent calculation of electron
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Fig. 2. Synthetic spectra at the age of Tycho for the four models. The contributions
from shocked ejecta and ISM are shown with dotted and dashed lines, respectively.

Fig. 3. XMM-EPIC MOS1 spectrum of the Tycho SNR, from [4].

heating reveals that this is also the hottest region. This leads to important
contributions to the spectrum from elements that were not synthesized in
large quantities in the explosion, but are located in hot, high density regions
in the young SNR (X-ray emissivity scales as ρ2). The relative smoothness
of the chemical composition profile for the 3D explosion models, however,
tends to assuage this effect, and the relative contribution from each element
to the emitted spectrum will be more closely related to the total amount of
the element synthesized in the explosion.

In Fig. 2 the total integrated spectrum for the four models at the age of
the Tycho SNR is shown, calculated following the scheme described in [1] and
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convolved with the instrumental response of the XMM-Newton Epic-MOS1
camera to facilitate comparison with the observed spectrum from the Tycho
SNR, which is given in Fig. 3. No Ar data are present in our atomic code,
but there is enough information in the Kα lines of Si, S, Ca and Fe, marked
in Fig. 2, and in the overall spectral shape, to extract significant conclusions.
The large amount of Fe in the outer layers of the 3D models, which turn
out to be the densest and hottest regions in the shocked ejecta throughout
the evolution of the SNR (see [1]), dominates their emitted spectrum. The
strength of the Fe L complex around 1 keV and the Fe Kα line at 6.4 keV
are incompatible with the observed spectrum of Tycho. The Fe emission is
so strong, in fact, that the Fe continuum masks the contribution from Si, S
and Ca, which are clearly seen in the observed spectrum. Another interesting
feature of the 3D models is the presence of the Ni Kα line at 7.5 keV. This line
comes from stable Ni, whose parent nuclei are synthesized in small amounts
together with 56Ni, and it has not been observed so far in any young Type Ia
SNR. The large amount of C and O in the ejecta does not have a clear imprint
on the spectrum because lines of these elements are located at low photon
energies where the interstellar absorption and the poor spectral resolution of
the XMM-Newton EPIC makes their detection difficult. The 1D models, on
the other hand, show important contributions from Si, S and Ca, albeit the
overall spectral shape is reproduced much better (but not perfectly!) by the
DDTa model than by the W7 model. The absence of the Fe Kα line in the
W7 model is due to the fact that the Fe is at smaller radii, and therefore at
a lower density and in a lower ionization state.

We conclude that the X-ray spectrum of the Tycho SNR cannot be ex-
plained with the current 3D explosion models for Type Ia SNe using the
simulation scheme described in [1]. The mixing of burnt and unburned ma-
terial throughout the supernova ejecta seems to contradict a number of in-
dependent observations, casting a doubt on the validity of the current 3D
explosion models, at least in their present state. This is a preliminary con-
clusion; a final resolution of this issue should be based on more sophisticated
hydrodynamical simulations of Type Ia SNRs.
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Summary. The present status of our understanding of core-collapse and of ther-
monuclear supernovae is reviewed. It will be argued that the failure of numerical
simulations of the collapse of massive stars to produce explosions is probably caused
by our incomplete knowledge of the (micro-) physics involved. In contrast, for ther-
monuclear (type Ia) supernovae the basic physics seems to be well under control
and, therefore, it is not surprising that model predictions and observations are in
good agreement.

1 Introduction

The modeling of both core-collapse and thermonuclear supernovae is still a
major a challenge in astrophysics. In the case of core collapse models, which
utilize gravitational binding for the explosion, the problem is not so much an
energy but rather a momentum problem. There is plenty of energy available
and only a small fraction of it has to be converted into outward momentum
of the stellar envelope, but this is a non-trivial problem. It is somewhat
embarrassing that despite all the effort that went into the construction of
core-collapse supernova models until now none of them yielded the desired
explosions.

Thermonuclear explosion models, on the other hand, suffer from the fact
that once nuclear burning is ignited the progenitor star, presumably a white
dwarf, tends to expand and cool. It is known since many years that an ex-
plosion can only result if the thermonuclear burning front propagates with a
velocity much larger than the laminar speed of nuclear flames in degenerate
matter. But only very recently it has been shown that models taking advan-
tage of small scale turbulent velocity fluctuations lead indeed to the desired
results.

In this review, recent developments in theoretical model-calculations for
supernovae explosions are reviewed, including both core-collapse and ther-
monuclear supernovae, but with more emphasis on the (successful) ther-
monuclear (type Ia) models. A review concentrating on the recent progress
of core-collapse supernovae is given by H.-Th. Janka in these Proceedings.
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2 Core-collapse Supernovae

Supernovae of type II, i.e. explosions of stars which show strong Balmer lines
of hydrogen in their spectra, and also type Ib and Ic events, are thought to
originate from the collapse of massive stars, M >∼ 8 M�, at the end of their
quiet hydrostatic nuclear burning, and the final outcome is believed to be
the birth event of (most) neutron stars, and sometimes of black holes and
γ-ray bursts. If this picture is correct the energy observed in the explosion
ultimately must come from the binding energy of the newly born neutron star
or black hole. However, although various mechanisms have been proposed
which are potentially able to transform a small fraction of the gravitational
energy into outward momentum of the stellar envelope, the cause of the
explosion is still subject considerable discussions (see [8] for a recent review).
Here we will concentrate on some micro-physics aspects of the problem and
on “neutrino driven” explosions.

2.1 Basic Input Physics

In constructing a (core-collapse) supernova model one has to solve the hy-
drodynamic equations, some field equations describing gravity, rate equations
for composition changes, and transport equations for particle numbers and
energy for a given set of initial conditions (densities, entropies, velocities,
composition variables, etc.) and material functions (equation of state, re-
action rates, interaction cross-sections, etc.). It is obvious that this set of
equations cannot be solved in full generality and that many approximations
are necessary in order to make the problem tractable.

Concerning numerical methods for solving the hydro-equations great
progress has been made during the last couple of years, provided Newtonian
mechanics and gravity is a valid prescription [10]. However, in stellar collapse
peak velocities approach several tenths of the velocity of light and general
relativistic effects are not negligibly small, in particular at core bounce and
during the early cooling and deleptonization phase of the newly born neutron
star. The use of the Newtonian approximation, therefore, is questionable. For
general relativistic hydrodynamics, on the other hand, the numerical tech-
niques are much less advanced, in particular for multidimensional simulations
which seem to be necessary [3, 4]. One has to keep this situation in mind when
discussing uncertainties in and implications from micro-physics input data.

The Nuclear Equation of State

One of the most important ingredients is the equation of state (EOS) and,
consequently, also a major fraction of the uncertainties result from our in-
complete knowledge of it. Also, there is little hope that we can learn much
about the EOS from laboratory experiments, such as heavy ion collisions,
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because they test the nuclear EOS under rather different conditions. There-
fore we have to rely on theoretical models or, possibly, on interpretations of
astrophysical observations.

At rather low densities (� <∼ 10−2�0; �0 ∼ 3× 1014 g cm−3) the EOS can
in principle be calculated from a Boltzmann-gas approximation for nucleons
and nuclei, provided nuclear binding energies and partition functions are
known. However, most nuclei present in the interior of a collapsing stellar
core or in the outer layers of a neutron star would be very short-lived under
laboratory conditions, and most of them have not even been synthesized
yet by experiments. Therefore one has to rely on extrapolations from the
properties of stable and ”mildly” unstable nuclei.

At higher densities the Boltzmann-gas approach to the nuclear part of
the EOS is no longer valid. This happens because the nuclear radius becomes
comparable to the Coulomb interaction radius. Therefore, at those densities
(above about 1012 g cm−3) self-consistent models have to be used, and at even
higher densities, � >∼ 0.1�0, similar arguments show that also nucleon-nucleon
interactions have to be included in such a self-consistent model. The most
advanced method which has been applied to the supernova problem so far is
the temperature dependent Hartree-Fock method but very little progress has
been made in the past years.

Even more problematic is the EOS beyond nuclear saturation density. In
the deep interior of a newly born neutron star “nuclei” dissolve into a homo-
geneous fluid of free neutrons and protons once the density exceeds �0. Con-
sequently now nucleon-nucleon interactions in a dense Fermi fluid dominate
the EOS. Phenomenologically determined nucleon-nucleon forces gradually
lose reliability with increasing density and it is therefore not surprising that
up to now the EOS at densities above, say, twice nuclear saturation density is
still subject to considerable dispute, but it might be crucial for the neutrino
luminosity during the first second past core-bounce, thought to trigger the
ejection of the stellar envelope.

Most EOS in use in core-collapse simulations are simple, and include only
part of the important physics. They are either phenomenologically motivated
(e.g., [22]) or are based on mean field approaches (e.g., [21]).

Weak Interaction Rates

Next we want to mention briefly some of the uncertainties entering through
our incomplete knowledge of weak interaction rates. It is well known that
during most of core collapse and during the early cooling phase of newly
born neutron stars typical weak interaction timescales are of the same order
as the dynamic or evolution time scale of the stellar core or star, respec-
tively. So in contrast to strong and electromagnetic interactions weak rates
have to be known explicitly. Moreover, because in some cases neutrino en-
ergy distributions are not in equilibrium, it is not even sufficient to calculate
energy-averaged rates. Fortunately, in this field considerable progress has
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been made recently. The best rates available to date are based on shell model
wave functions or use the quasiparticle random phase approximation, but
from the sensitivity of those results to details of the nuclear model one may
still conclude that the calculated rates are uncertain to within a factor of two
on the average, and possibly by an order of magnitude in some particular
cases [11, 12].

Other important week interaction processes include neutrino-absorption
by free neutrons, neutrino-electron scattering, neutrino-nucleus coherent scat-
tering and neutrino-neutron scattering. These cross sections and reaction
rates can, in principle, be computed numerically exactly but in most numer-
ical studies only approximate values are used.

Neutrino Transport

During collapse and after core-bounce we will always find regions in the star
where neutrinos are either streaming freely or diffusing outward. So, in prin-
ciple, we have to solve the Boltzmann transport equation. This transport
equation, however, is a set of complicated partial integro-differential equa-
tions and, therefore, has only recently been used in core-collapse computa-
tions, but most models still use approximations to it.

Generally speaking, neutrino transport calculations for supernovae face
two major problems. Firstly, at densities below 1012 g cm−3 neutrinos are
not in thermal equilibrium and, secondly, the diffusion approximation to the
Boltzmann equation breaks down at the neutrino-sphere, where the mean
free path λ̄ becomes comparable to the stellar radius. The second problem is
usually circumvented by introducing a so-called flux-limiter which guarantees
that for λ̄ 
 ∆r the free streaming limit is obtained. The first problem can
only be solved by non-equilibrium transport models such as “two-fluid mod-
els”, “multi-group flux-limited” diffusion, “variable Eddington-factor” meth-
ods, Monte-Carlo transport, or even direct integrations of the Boltzmann
equation [2, 9, 13, 16].

2.2 Recent Models of Core-collapse Supernovae

Since most of the recent numerical simulations are reviewed by Janka in
these Proceedings we will not go into details but rather summarize some of
the main problems.

As far as numerical simulations of stellar collapse and the subsequent su-
pernova explosion are concerned, the most crucial phase seems to be when
the newly born neutron star looses its leptons and thermal energy by neutri-
nos of all flavors. During this phase, both the proto-neutron star itself and
the matter behind the stalled shock in the mantle are found to be unstable
to entropy and/or lepton number driven buoyancy instabilities which can
increase the neutrino luminosity considerably. It is commonly believed that
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this increase in luminosity is required in order to revive the stalled shock by
neutrino heating [8].

Although none of the recent simulations give the desired results, namely
an envelope ejection with a typical energy of about 1051erg, leaving behind
a neutron of about 1.4 M�, “hope is left in Pandora’s box”. In fact, the
simulations are close to explosions, and minor changes in the input physics
and/or the numerical treatment might change the outcome. An obvious ex-
ample is the neutrino luminosity of the newly-born neutron star which seems
to be a bit too low for success, but can be changed during the contraction
and cooling phase by different EOS’s or neutrino-transport properties of hot
and dense nuclear matter. A second example are hydrodynamic instabilities
of the neutrino-heated convectively unstable matter behind the stalled shock
which, again, can change the energy (and momentum) transport. Finally,
general relativistic effects have not yet been studied in great detail in models
based on realistic micro-physics input [2, 10].

3 Thermonuclear Supernovae

A strong motivation for studying thermonuclear (type Ia) supernovae comes
from their use for cosmology because at present they are the most accurate
cosmological distance indicators and supernovae at different redshifts are the
only way to determine the nature of the suspected “dark energy” that causes
the Universe to accelerate its expansion.

The most popular progenitor model for the average type Ia supernova is a
massive white dwarf, consisting of carbon and oxygen, which approaches the
Chandrasekhar mass (MCh � 1.4 M�) by a yet unknown mechanism, presum-
ably accretion from a companion star, and is disrupted by a thermonuclear
explosion (see [7] for a recent review). At high densities explosive carbon
burning mostly leads to radioactive 56Ni. At lower densities intermediate-
mass nuclei, like 28Si, are produced. These elements give rise to the typical
observed spectra of SNe Ia, which are dominated by lines of Fe, Si and S.

The general picture of such an explosion is that first carbon burns rather
quietly in the core of the contracting white dwarf. Because this core is con-
vectively unstable temperature fluctuations will be present and they may
locally reach run-away values. After ignition, the flame is thought to propa-
gate through the star as a sub-sonic turbulent deflagration wave which may
or may not change into a detonation at low densities (around 107 g cm−3),
disrupting the star in the end in both cases.

3.1 The Physics of Turbulent Thermonuclear Combustion

Due to the strong temperature dependence of the carbon-fusion reaction rates
nuclear burning during the explosion is confined to microscopically thin lay-
ers that propagate either conductively as subsonic deflagrations (“flames”)
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or by shock compression as supersonic detonations. Both modes are hydro-
dynamically unstable to spatial perturbations. The best studied and prob-
ably most important hydrodynamical effect for modeling SN Ia explosions
is the Rayleigh-Taylor (RT) instability resulting from the buoyancy of hot,
burned fluid with respect to the dense, unburned material [14]. Subject to
the RT instability, small surface perturbations grow until they form bubbles
(or “mushrooms”) that begin to float upward while spikes of dense fluid fall
down. In the nonlinear regime, bubbles of various sizes interact and create a
foamy RT mixing layer whose vertical extent grows with time. Secondary in-
stabilities related to the velocity shear along the bubble surfaces [14] quickly
lead to the production of turbulent velocity fluctuations that cascade from
the size of the largest bubbles (≈ 107 cm) down to the microscopic Kol-
mogorov scale, lk ≈ 10−4 cm, where they are dissipated. Since no computer
is capable of resolving this range of scales, one has to resort to statistical or
scaling approximations of those length scales that are not properly resolved.
The most prominent scaling relation in turbulence research is Kolmogorov’s
law for the cascade of velocity fluctuations, stating that in the case of isotropy
and statistical stationarity, the mean velocity v of turbulent eddies with size
l scales as v ∼ l1/3.

Given the velocity of large eddies, e.g. from computer simulations, one
can use this relation to extrapolate the eddy velocity distribution down to
smaller scales under the assumption of isotropic, fully developed turbulence.
Turbulence wrinkles and deforms the flame. These wrinkles increase the flame
surface area and therefore the total energy generation rate of the turbulent
front. In other words, the turbulent flame speed, defined as the mean over-
all propagation velocity of the turbulent flame front, becomes larger than
the laminar speed. If the turbulence is sufficiently strong the turbulent flame
speed becomes independent of the laminar speed, and therefore of the mi-
crophysics of burning and diffusion, and scales only with the velocity of the
largest turbulent eddy [1].

As the density of the white dwarf material declines and the laminar
flamelets become slower and thicker, it is plausible that at some point tur-
bulence significantly alters the thermal flame structure [15]. So far, modeling
this so-called distributed burning regime in exploding white dwarfs has not
been attempted explicitely since neither nuclear burning and diffusion nor
turbulent mixing can be properly described by simplified prescriptions. How-
ever, it is this regime where the transition from deflagration to detonation is
assumed to happen in certain phenomenological models.

3.2 A Numerical Model for Turbulent Combustion

It is straight forward to convert the ideas presented in the previous section
into a numerical scheme. The basic ingredients are a finite-volume method to
solve the fluid-dynamics equation, a front-tracking algorithm which allows us
to propagate the thermonuclear flame (assumed to be in the flamelet regime),
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and a model to determine the turbulent velocity fluctuations on unresolved
sub-grid scales. Since the details of the method have been published elsewhere
[17, 18, 19] we only repeat the basic ideas here.

The central aspect of our code is a front tracking method based on a level
set function G which is determined in such a way that the zero level set of
G behaves exactly as the flame. This can be obtained from the consideration
that the total velocity of the front consists of two independent contributions:
it is advected by the fluid motions at a speed v and it propagates normal to
itself with a burning speed s.

This front tracking algorithm is implemented as an additional module for
the hydrodynamics code PROMETHEUS [5]. In all simulations presented
here a simple implementation was used which, however, describes the basic
physics quite well [17, 18]. It assumes that the G-function is advected by the
fluid motions and by burning and is only used to determine the source terms
for the reactive Euler equations. Nuclear burning can now be computed pro-
vided the normal velocity of the burning front is known everywhere and at all
times. In computations discussed in the following it is determined according
to a flame-brush model of [14].

3.3 Some Results of Supernova Simulations

We have carried out numerical simulations in 2D and 3D, for a variety of
different initial conditions, and for different numerical resolution. In most of
our simulations the white dwarf, constructed in hydrostatic equilibrium for a
realistic equation of state, has a central density of 2.9× 109 g cm−3, a radius
of 1.5 × 108 cm, and a mass of 2.8 × 1033 g, identical to the one used in
[14]. The initial mass fractions of C and O are chosen to be equal, and the
total binding energy is 5.4 × 1050 erg. At low densities (ρ ≤ 107 g cm−3),
the burning velocity of the front is set equal to zero because the flame enters
the distributed regime and our physical model is no longer valid. However,
since in reality some matter may still burn the energy release obtained in the
simulations is probably somewhat too low. An extended parameter study,
varying the chemical composition as well as the ignition density, is presently
under way and will be published elsewhere.

A first and important result is that we do find numerically converged
solutions. Although an increase in spatial resolution gives more structured
burning fronts with larger surface area, the corresponding increase of fuel
consumption is compensated by the lower values of the turbulent velocity
fluctuations on smaller length scales. So the net effect is that, for identical
initial conditions, the explosion energies are independent of the numerical res-
olution, demonstrating that the level-set prescription allows one to resolve the
structure of the burning front down almost to the grid scale, thus avoiding ar-
tificial smearing of the front, which is an inherent problem of front-capturing
schemes.
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Energy comparison, 3D simulations
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Fig. 1. Energy evolution of several three-dimensional (3d) explosion models
(dashed and dashed-dotted). For comparison we also show a centrally ignited
(“three fingers”) model of [18] (solid line). The other labels give the number of
initial “bubbles” (bn) and the number of grid points per dimension (ijk).

In our approach, the initial white dwarf model (composition, central den-
sity, and velocity structure), as well as assumptions about the location, size
and shape of the flame surface as it first forms, fully determine the simula-
tion results. A plausible ignition scenario suggested by [6] is the simultaneous
runaway at several different spots in the central region of the progenitor star.
Therefore, in the following we will concentrate on such initial conditions.
Fig. 1 shows the energy generated for a series of models including, for com-
parison, one centrally ignited model (3c 3d 256).

During the first 0.5 seconds, all models are nearly indistinguishable as
far as the total energy is concerned, which at first glance appears somewhat
surprising, given the quite different initial conditions. A closer look at the
energy generation rate actually reveals noticeable differences in the intensity
of thermonuclear burning for the simulations, but since the total flame sur-
face is initially very small, these differences have no visible impact on the
integrated curve in the early stages.

However, after about 0.5 seconds, when fast energy generation sets in, the
models with more ignition spots burn more vigorously due to their larger sur-
face and therefore they reach higher final energy levels. Fig. 1 also shows that
the centrally ignited model (c3 3d 256) is almost identical to the off-center
model b5 3d 256 with regard to the explosion energetics. But, obviously, the
scatter in the final energies due to different initial conditions appears to be
small. Moreover, all models explode with an explosion energy in the range of
what is observed.
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Table 1. Overview over element production and energy release of typical supernova
simulations

model m“Mg” [M�] m“Ni” [M�] Enuc [1050 erg]

c3 3d 256 0.177 0.526 9.76
b5 3d 256 0.180 0.506 9.47
b9 3d 512 0.190 0.616 11.26

3.4 Predictions for Observable Quantities

In this section we present a few results for various quantities which can, in
principle, be observed and which therefore can serve as tests for the models.

The most direct test of explosion models is provided by observed light
curves and spectra. According to “Arnett’s Law” light curves measure mostly
the amount and spatial distribution of radioactive 56Ni in type Ia supernovae,
and spectra measure the chemical composition in real and velocity space.

In [20] the results of one of our centrally ignited 3D-models have been
used, averaged over spherical shells, to compute color light curves in the
UBVI-bands. Their code assumes LTE radiation transport and loses reliabil-
ity at later times (about 4 weeks past maximum) when the supernova enters
the nebular phase. Also, this assumption and the fact that the opacity is
not well determined at longer wavelength make I-light curves less accurate.
Keeping this in mind, they produce the light curves of typical SNe Ia very
well. The main reason for the good agreement between the model and, e.g.,
SN 1994D is the presence of high-velocity radioactive Ni in outer layers of
the supernova model which is not be predicted by spherical models.

A summary of the gross abundances obtained for some of our 3D models
is given in Table 1. Here “Mg” stands for intermediate-mass nuclei, and “Ni”
for the iron-group. In addition, the total energy liberated by nuclear burning
is given. Since the binding energy of the white dwarf was about 5× 1050 erg,
all models do explode. Typically one expects that around 80% of iron-group
nuclei are originally present as 56Ni bringing our results well into the range of
observed Ni-masses. This success of the models was obtained without intro-
ducing any non-physical parameters, but just on the basis of a physical and
numerical model of subsonic turbulent combustion. We also stress that our
models give clear evidence that the often postulated deflagration-detonation
transition is not needed to produce sufficiently powerful explosions.

Finally, we have “post-processed” several of our models in order to see
whether or not also reasonable isotopic abundances are obtained. The results,
shown in Fig. 2, are preliminary and should be considered with care. However,
it is obvious that, with a few exceptions, also isotopic abundances are within
the expected range. Exceptions include the high abundance of (unburned) C
and O, and the overproduction of 48,50Ti, 54Fe, and 58Ni. We think that this
reflects a deficiency of some of our models which burn to little C and O at
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Fig. 2. Isotopic abundances obtained for the centrally ignited 3D model 3c 3d 256
in comparison to W7 predictions (Travaglio et al., in preparation).

densities too high and temperatures too low, and which also, because of the
low 56Ni, would not give a good light curve.

4 Summary and Conclusions

The physics of supernovae as well as the present status of numerical sim-
ulations of the explosion process have been discussed. It was demonstrated
that multi-dimensional models are needed for both types and that, to a cer-
tain extent, they have been carried out in 2D with moderately good physics
input for core-collapse supernovae, and in 3D with just sufficient numerical
resolution for thermonuclear ones. The bad news is that these calculations
have not solved the core-collapse supernova problem yet, and the limiting
factor does not seem to be the numerical resolution of the simulations but
rather still existing uncertainties in the (micro-) physics. This is in contrast
to thermonuclear explosion models where the physics is reasonably well under
control, but the numerical resolution is barely sufficient.

In case of core collapse supernovae it is likely that with the next generation
of supercomputers one will be able to carry out fully resolved simulations in
3D, but most of the work has to go into improving the micro-physics and the
neutrino transport. In contrast, for thermonuclear explosions one will never
be able to resolve all relevant scales numerically and, therefore, developing
new and clever tools to overcome this difficulty is a must. However, even the
recent (admittedly still limited) type Ia models do predict explosion energies,
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light curves, spectra, and nuclear abundances that are well within the range
of their observed counterparts.
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Summary. Recent progress in modeling core-collapse supernovae is summarized
and set in perspective. Two-dimensional simulations with state-of-the-art treat-
ment of neutrino transport still fail to produce powerful explosions, but evidence is
presented that they are very close to a success.

1 Aiming High

Despite of still bothering uncertainties and ongoing controversy, the convec-
tively supported neutrino-heating mechanism [10] must be considered as a
promising way to explain supernova explosions of massive stars. Neutrinos
drive the evolution of the collapsing stellar core and of the forming neutron
star and dominate the event energetically by carrying away about 99% of the
gravitational binding energy of the compact remnant. A detailed description
of their processes in models which couple (relativistic) hydrodynamics and
accurate neutrino transport is therefore indispensable for making progress
towards an understanding of the remnant-progenitor connection, supernova
energetics, explosion asymmetries, pulsar kicks, nucleosynthesis, and observ-
able neutrino and gravitational-wave signals. It is a necessary ingredient in
any calculation which claims a higher degree of realism.

2 Stepping Forward

Successful simulations of neutrino-driven supernova explosions have so far
either employed special, usually controversial, assumptions about the physics
at neutron star conditions or have made use of crude approximations in the
neutrino transport. They are contrasted by simulations with widely accepted
microphysics and an increasing sophistication of the transport treatment,
which have not been able to produce explosions.

It must be stressed, however, that these simulations do not conflict with
each other. They were performed with largely different numerical descriptions
and the discrepant results simply demonstrate the sensitivity of the delayed
explosion mechanism to variations at the level of the different approaches.
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2.1 Successful Explosions on the One Hand

Wilson and collaborators [27, 28, 29] found explosions in one-dimensional
simulations by assuming that neutron finger convection below the neutrino
sphere boosts the neutrino emission from the nascent neutron star and thus
increases the neutrino heating behind the stalled supernova shock. Neutron
finger convection, however, requires a faster exchange of energy than lepton
number between fluid elements, an assumption that could not be confirmed
by detailed analysis of the multi-flavor neutrino transport [3]. Another ingre-
dient to the energetic explosions of Wilson’s group is a nuclear equation of
state (EoS) which yields high neutron star temperatures and νe luminosities
because of the formation of a pion condensate at rather low densities [19].
The adopted dispersion relation of the pions in dense matter, however, is not
supported by accepted nuclear physics.

In the early 1990’s it was recognized that violent convective overturn be-
tween the neutrino sphere and the supernova shock is helpful for the neutrino-
heating mechanism and a possible origin of the anisotropies and large-scale
mixing observed in SN 1987A [10]. Two-dimensional hydrodynamic mod-
els [5, 6, 7, 11] and, more recently, 3D simulations [8] that take this effect
into account produced explosions, but used grey (i.e., spectrally averaged),
flux-limited diffusion for describing the neutrino transport, an approxima-
tion which fell much behind the elaborate multi-group diffusion that had
been applied by Bruenn in spherical symmetry [1].

2.2 Failures on the Other Hand

Bruenn, using standard microphysics and a sophisticated multi-group flux-
limited diffusion treatment of neutrino transport, could never confirm explo-
sions in one-dimensional simulations [2]. But there was hope that an even
better description of the transport might bring success.

A new level of accuracy has indeed been reached with the use of solvers for
the Boltzmann transport equation. Employing different numerical techniques,
they were only recently applied in time-dependent hydrodynamic simulations
of spherical stellar core collapse with Newtonian gravity [21, 22, 26], approx-
imate treatment of relativistic effects [23], and general relativity [17]. These
simulations, all performed with the EoS of Lattimer and Swesty [16], agree
that neither prompt explosions by the hydrodynamic bounce-shock mecha-
nism, nor delayed, neutrino-driven explosions could be obtained without the
help of convection, not even with the best available treatment of the neutrino
physics and general relativity.

Mezzacappa et al. [20] also expressed concerns that the success of multi-
dimensional calculations [5, 6, 7, 8, 11] might disappear once the neutrino
transport is improved to the sophistication reached in 1D models. They
demonstrated this by mapping transport results from 1D supernova models
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to 2D hydrodynamics. The lacking self-consistency of this approach, however,
was an obvious weakness of the argument.

3 Pushing the Limits

In this situation the core-collapse group at Garching has advanced to the next
level of improvements in supernova modeling. To this end we have general-
ized our 1D neutrino-hydrodynamics code (VERTEX [23]) for performing
multi-dimensional supernova simulations with a state-of-the-art treatment
of neutrino transport and neutrino-matter interactions, calling the extended
code version MuDBaTH [14].

3.1 A New Tool

The hydrodynamics part of the program is based on the PROMETHEUS
code, which is an Eulerian finite-volume method for second-order, time-
explicit integration of the hydrodynamics equations. It employs a Riemann
solver for high-resolution shock capturing, a consistent multi-fluid advection
scheme, and general relativistic corrections to the gravitational potential.
“Odd-even decoupling” at strong shocks is avoided by an HLLE solver. More
details about technical aspects and corresponding references can be found in
Refs. [14, 23].

The hydro routine is linked to a code which solves the multi-frequency
transport problem for neutrinos and antineutrinos of all flavors by closing
the set of moment equations for particle number, energy and momentum
with a variable Eddington factor that is computed from a model Boltzmann
equation. The transport is done in a time-implicit way and takes into ac-
count moving medium effects and general relativistic redshift and time dila-
tion. Transport and hydro components are joined by operator-splitting. The
multi-dimensional version of the code assumes that the neutrino flux is ra-
dial and the neutrino pressure tensor can be taken as diagonal, thus ignoring
effects due to neutrino viscosity. While the variable Eddington factor is de-
termined as an average value at all radii by solving the transport equations
on an angularly averaged stellar background, the multi-dimensionality of the
problem is retained on the level of the moment equations, which are radially
integrated within every angular zone of the spherical coordinate grid. In ad-
dition, lateral gradients that correspond to neutrino pressure and advection
of neutrinos with the moving stellar fluid are included in the moment equa-
tions (“ray-by-ray plus”). Note that neutrino pressure cannot be ignored in
the protoneutron star interior and advective transport of neutrinos is faster
than diffusion below the neutrino sphere.

Electron neutrinos and antineutrinos are produced by e− captures on nu-
clei and protons and e+ captures on neutrons, respectively. Nucleon-nucleon
bremsstrahlung and e+e− annihilation are considered for the creation of νν̄
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Fig. 1. Sequence of snapshots showing the large-scale convective overturn in
the neutrino-heated post shock layer at four post-bounce times (tpb = 141.1 ms,
175.2 ms, 200.1 ms, and 225.7 ms, from top left to bottom right) during the evolu-
tion of a (non-rotating) 11.2 M� progenitor model from Woosley et al. [30]. The
entropy is grey scale coded. The dense neutron star is visible as low-entropy circle
at the center. The convective layer interior of the neutrino sphere cannot be visu-
alized with the employed color scale because the entropy contrast there is small.
Convection in this region is driven by a negative gradient of the lepton number.
The computation was performed with spherical coordinates, assuming axial sym-
metry, and employing the “ray-by-ray plus” variable Eddington factor technique
developed by Rampp & Janka [23] and Buras et al. [4] for treating neutrino trans-
port in multi-dimensional supernova simulations. Equatorial symmetry is broken
on large scales soon after bounce, and low-mode convection begins to dominate the
flow between the neutron star and the strongly deformed supernova shock. The
“face” on the top right does not need to look so sad, because the model continues
to develop a weak explosion. The scale of the plots is 1200 km in both directions.
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pairs of all flavors. Muon and tau neutrino-antineutrino pairs are also made
by νeν̄e annihilation. Neutrino scattering off n, p, e±, and nuclei is included,
for muon and tau neutrinos also off νe and ν̄e. The charged-current reactions
of neutrinos with nucleons take into account nucleon thermal motions, re-
coil and phase-space blocking, weak magnetism corrections, the reduction of
the effective nucleon mass and the quenching of the axial-vector coupling in
nuclear matter, and nucleon correlations at high densities.

Recently, the treatment of electron captures on heavy nuclei has been
improved in collaboration with K. Langanke and coworkers [15]. Details were
reported at this meeting by G. Mart́ınez-Pinedo. Previously these reactions
were described rather schematically [1] and were switched off above a few
1010 g cm−3. Therefore e− captures on p determined the subsequent evolu-
tion. In the new models, in contrast, nuclei dominate the νe production by
far. This leads to a significant shrinking of the homologously collapsing in-
ner core and shock formation at a smaller mass coordinate [15]. Despite of
this conceptually and quantitatively important change the subsequent shock
propagation and expansion remains astonishingly similar because of differen-
tial changes of the core structure and cancelations of effects [13].

3.2 A New Generation of Multi-dimensional Models

Running simulations for progenitors with different main sequence masses
(Woosley et al.’s 11.2, 15, and 20M� models [30]) in 1D and 2D, we could con-
firm the finding of previous multi-dimensional models with simpler neutrino
transport, namely that two spatially separated regions exist in the supernova
core where convection sets in on a timescale of some ten milliseconds after
bounce [4].

The one region is characterized by a negative entropy gradient which
is left behind by the weakening shock and enhanced by the onset of neu-
trino heating between gain radius and shock. Despite of a positive gradient
of the electron fraction, this region is Ledoux unstable and Rayleigh-Taylor
mushrooms start to grow between 40ms and 80ms post bounce (slower for
higher-mass progenitors). The violent convective overturn that develops in
this region supports the shock expansion and allows for larger shock radii.
Two effects seem to be mainly responsible for this helpful influence on the
neutrino-heating mechanism. On the one hand bubbles of neutrino-heated
matter can rise, which pushes the shock farther out and reduces the energy
loss by the re-emission of neutrinos. On the other hand, cold, lower-entropy
matter is carried by narrow down flows from the shock to near the gain radius,
where it is heated by neutrinos at very high rates. This enhances the efficiency
of neutrino energy transfer. Fully developed, the convective overturn can be-
come so violent that down flows penetrate with supersonic velocities through
the electron neutrino sphere, thereby increasing the luminosity of νe and ν̄e.

The second region of convective activity lies beneath the neutrino sphere.
Convection there is driven by a negative lepton gradient and sets in between
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about 20ms post bounce and about 60ms post bounce (again later for the
more massive progenitors). Despite of the transport of energy and lepton
number and the corresponding change of the outer layers of the protoneutron
star, the effect on the luminosities of νe and ν̄e is rather small. The neutrino
sphere of heavy-lepton neutrinos, however, is located within the convective
layer and an enhancement of muon- and tau neutrino luminosities (10–20%)
is visible at times somewhat later than 100ms. The influence on the shock
propagation and the explosion mechanism is marginal and mostly indirect by
modifying the neutron star structure and νµ and ντ emission.

Although convective overturn behind the shock strongly affects the post-
bounce evolution, we were disappointed by not obtaining explosions in a re-
cently published first set of simulations [4]. These results seem to confirm the
suspicion [20] that a more accurate treatment of neutrino transport might not
allow one to reproduce the convectively supported neutrino-driven explosions
seen previously.

3.3 Ultimate Success?

But there is light at the end of the long tunnel and the situation is more
favorable than it looks at first glance. There are reasons to believe that our
models are very close to explosions, in fact graze the threshold of conditions
which are required to drive mass ejection by the outward acceleration of the
supernova shock.

One of our models (a 15M� star) included rotation at a rate that is con-
sistent with pre-collapse core rotation of magnetized stars [9]. The assumed
initial angular velocity was chosen to be slightly faster (Ω = 0.5 rad s−1)
than predicted by Heger et al. [9]. It would lead to a neutron star spinning
with a period of 1–2ms if the angular momentum in the protoneutron star is
conserved after the end of our simulations. We intentionally did not consider
more extreme rotation rates which are expected for collapsars and needed for
gamma-ray burst models, but which are probably not generic for supernovae.

Rotation makes a big difference! Centrifugal forces reduce the infall veloc-
ity near the equatorial plane and help to support the shock at a larger radius.
Enhanced by rotationally induced vortex motion extremely violent convec-
tive overturn develops behind the shock. Powerful non-radial oscillations are
initiated and drive the shock temporarily to distances near 300 km along the
rotation axis where the more rapidly decreasing density favors strong shock
expansion.

Huge global deformation was also observed in case of the (non-rotating)
11.2M� star when we increased the angular grid from a ∼90o wedge (±46.8o

around the equatorial plane of the coordinate grid with periodic boundary
conditions) to full 180o. The 11.2M� model is characterized by a small iron
core (∼1.25M�) and an abrupt entropy jump at the edge of the Si shell
(at ∼1.3M�). A strong dipolar expansion occurs and the shock is slowly
pushed outward by the pulsational expansion of two huge bubbles which are
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Fig. 2. Shock radii and electron neutrino spheres for simulations of a 15 M� star in
spherical symmetry with three different nuclear EoSs [18], namely those of Lattimer
and Swesty ([16]; bold lines), which is the widely used standard for supernova sim-
ulations these days, Shen et al. ([24, 25]; medium lines), and Wolff and Hillebrandt
([12]; thin lines). Times are synchronized at the moment of core bounce.
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Fig. 3. Luminosities for νe, ν̄e, and heavy-lepton neutrinos (νµ, ντ , ν̄µ or ν̄τ indi-
vidually), measured by an observer comoving with the infalling stellar plasma at a
radius of 500 km, for the three spherically symmetric simulations shown in Fig. 2
[18]. The left panel displays a time interval around the prompt νe burst, the right
panel a longer period of the post-bounce evolution. Note the different scales on the
vertical axes of both frames.

alternately fed by neutrino heated matter that comes from a single (due to
the assumed symmetry, toroidal), waving down flow near the equatorial plane
of the coordinate grid (Fig. 1). The shock has reached a maximum radius of
more than 600 km with no sign of return until we had to stop the simulation
226ms after bounce.

We consider it as very likely that a weak explosion develops in this model.
It is exciting to imagine how the evolution might have proceeded with the
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additional help from rotation. Patience, however, is necessary when results
for longer post-bounce periods or other progenitors are desired. The compu-
tations require far more than 1017 floating point operations and take several
months on machines available to us.

We actually have hints of how an explosion can emerge in a 15M� star
which was computed with omitted velocity-dependent terms in the neutrino
momentum equation. The resulting 20–30% change of the neutrino density
between neutrino sphere and shock was sufficient to initiate an explosion,
thus demonstrating that not much was missing for the convectively supported
neutrino-heating mechanism to work. The explosion had an energy of about
6 × 1050 erg and left behind a neutron star with an initial baryonic mass of
∼1.4M�. The neutrino-heated ejecta did not show the dramatic overproduc-
tion of N = 50 closed neutron shell nuclei which signaled a problem with the
neutrino transport approximations used in previous models.

These results suggest that we are on the right track. Once the critical
threshold for explosions can be overcome, the subsequent evolution seems to
proceed very favorably with respect to observable facts.

4 Longing for More

What can provide or support the ultimate kick beyond the explosion thresh-
old? Is it three-dimensional effects? Very fast rotation? Truly multi-dimension-
al transport that accounts for lateral neutrino flow and neutrino shear? Full
general relativity instead of approximations? Or yet to be improved micro-
physics, e.g. reactions of neutrinos with nuclei? Or the uncertain high-density
equation of state which has not been extensively varied up to now but can
cause sizable differences (Figs. 2 and 3)? Or so far ignored or unresolved
modes of instability that could boost the neutrino luminosity or drive accre-
tion shock instability? Or magnetohydrodynamic effects? Or is it the combi-
nation of all?

Much work still needs to be done for completing the supernova codes and
testing these possibilities. A number of groups around the world have set out
to meet this challenge!

Acknowledgement. Support by the Sonderforschungsbereich SFB-375 “Astro-Teil--
chenphysik” of the Deutsche Forschungsgemeinschaft is acknowledged. The sim-
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Plate (Janka et al.)

Structure of the collapsing core of a rotating 15 M    star at about 200 ms after bounce.  The left 
two panels show rotational velocity (top) and entropy fluctuations versus enclosed mass, and

rotational velocity (top; the white arrows  indicate the velocity component in a meridional
and zoom in mainly on conditions inside the nascent neutron star.  The right panels give

plane) and entropy of the supernova shock. The latter is marked with a white line.
(From  Buras et al. PRL 90 (2003) 241101)

Plate 3.



Two New Possible Mechanisms
of Supernova-Like Explosions

V.V. Tikhomirov and S.E. Yuralevich

Institute for Nuclear Problems, Belarus State University, Bobrujskaya str. 11,
Minsk 220050, Belarus;
tikh@inp.minsk.by, svetaju@inp.minsk.by

Summary. Primordial black holes (PBHs) of microscopical size can completely
absorb neutron stars (NSs) and white dwarfs (WDs) for less than the Hubble time.
NS absorption is accompanied by inverse URCA process giving rise to emission of
antineutrino. However considerable part of these antineutrino fails to escape NS
being drawn into the growing black hole by accreting NS matter. The final stage
of dense WD absorption is accompanied by 1051erg neutrino burst able to ignite
nuclear burning giving rise to supernova-like WD explosion.

1 Introduction

Primordial black holes (PHBs) [5, 11] could form from primordial inhomo-
geneities, topological defects and phase transitions in the early Universe.
Either PBH detection or proof of their nonexistence could give invaluable
information about the earliest stages of cosmological expansion. Till present
various methods of PBH search have been based on their Hawking radiation.
These methods, however, have not led to detection of neither PBHs nor any
consequence of their existence in the past, though stringent restrictions on
their abundance have been established. That is why we would like to draw
attention to an alternative way of PBHs search, namely to that based on
PBHs interaction with cosmic objects, first of all with such dense ones as
white dwarfs (WDs) and neutron stars (NSs). We will discuss the mecha-
nisms of neutrino (antineutrino) emission by WD (NS) matter accreting onto
a PBH, which can give rise to supernova like explosions. The neutrino burst
accompanying WD absorption and igniting its nuclear burning is discussed
in more detail.

2 WD Absorption and Accompanying Neutrino Burst

It is really possible to describe the process of WD matter accretion onto a
PBH due to both the simplicity of degenerate electron gas equation of state
and conservation of its adiabaticity under compression [7]. Right up to a
growing PBH mass of about a hundredth of the WD’s mass the equations
[8] of spherical adiabatic collapse reduce to that of stationary spherical adia-
batic accretion [10]. The latter allow to evaluate the WD matter density and
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velocity distributions, and to get the rate of WD matter accretion onto BH
growing from a PBH and the time

TWD =
27 × 109yr

(Mbh/1015g)(x0 +
√

1 + x2
0)3/2

, x0 =
(

ρ0

ρrel

)1/3

(1)

of complete WD absorption by a PBH with initial mass Mbh. Here ρ0 is
central WD density in PBH absence and ρrel = 1.95 × 106g/cm3 is the
density of carbon-oxygen WD separating nonrelativistic and ultrarelativistic
ones. One can see that a WD of any density is absorbed by a PBH of mass
M 
 M∗ for less than the Hubble time and that the most dense WDs with
1 	 x0 ≤ 10 have enough time to be absorbed also by PBHs with M � M∗.
M∗ = 5 × 1014g is the Hawking mass, PBHs of such mass have to complete
their evaporation at present epoch.

WD absorption by PBH proves to be a really observable phenomenon
due to accompanying neutrino emission. Indeed, the theory [10] allows to
evaluate the maximum WD density reached at the growing BH surface
ρmax � 1.44 × 1011(x0 +

√
1 + x2

0)
1/2g/cm3. The electron Fermi energy

amounts to 20-100 MeV at such a density, thus, not only exceeding the thresh-
old energies ∆ =13.88 MeV and 12.17 MeV of the neutronization reactions

12
6 C + e− →12

5 B + ν, 12
5 B + e− →12

4 Be + ν (2)

of carbon WD matter but also being sufficient to supply up to εF − ∆ ∼
10 − 100 MeV to neutrino produced in these reactions. This way neutrino
emission can provide a significant energy release on which a new approach of
PBH search can be based.

Neutrino emission intensity grows with the accretion rate up to the mo-
ment of absorption of several tenth of WD mass, when the stationary accre-
tion approximation is essentially violated and free fall of WD matter onto
BH occurs. To describe the neutrino emission maximum one should use the
adiabatic collapse theory [8] supplemented with the evolution equations

ṅ = −nu′ − 2nu

r
− nCΓC − nBΓB,

ṅC = −nCu′ − 2nCu

r
− nCΓC,

ṅB = −nBu′ − 2nBu

r
+ nCΓC − nBΓB (3)

of electron (n), carbon (nC) and boron (nB) nuclei number densities at dis-
tance r from the BH center. The nuclei neutronization probabilities ΓC,B =
ΓC,B(n) are evaluated in the same way as that of proton [10]. Let us consider
a case of absorption of a WD with central density ρ0 = 109g/cm3 and mass
MWD = 2.68 × 1033g as an example. Its accretion density distributions at
the moments of absorption of 0.01, 0.04, 0.16, 0.32, 0.64 and 0.96 of MWD
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Fig. 1. Radial distributions of accreting WD matter density at the moments when
BH mass reaches indicated parts of WD mass.

are given in Fig. 1. The neutrino emission intensity Iν was evaluated taking
into consideration the neutronization neutrino spectrum modified by both
gravitational and kinematical Doppler effects as well as by neutrino capture
by a growing BH. Given in Fig. 2, time dependence of Iν demonstrates that
it reaches (1 − 2) × 1052erg/s for about 0.1 second, taking away more then
1051erg. The average neutrino energy exceeds 16 MeV in this case. Note that
the Doppler effects and neutrino capture lower together the total and average
neutrino energy 3.5 and 1.65 times, respectively.

Such a neutrino burst can be detected by modern neutrino telescopes.
In particular, SuperKamiokande will register about 300(kpc/r)2 neutrino
events from such a burst at distance r, allowing to detect it if r ≤ 10kpc. A
HyperKamiokande-scale telescope will be able to detect it in all the Galaxy.

It is quite possible that the WD absorption by a PBH can be observed, like
a supernova explosions, at much greater distances. Though unable to simulate
it in detail in the meanwhile, we can prove for sure that the described neutrino
burst can ignite the nuclear burning. Indeed, the WD matter degeneracy, first,
Z + 1 times (Z is the nuclear charge) lowers its specific heat capacity and,
second, nearly one order increases the ν − e cross-section [4]. Due to both of
these factors the neutrino burst will be able to heat the massive WD layers
up to 1010K and more, quite enough [4] to ignite nuclear burning leading to
a supernova-like explosion observable from other galaxies.

The absorption of more dense WDs with ρ0 > 109g/cm3 will naturally be
accompanied by even more intense neutrino emission and nuclear burning.
However less dense absorbed WDs will emit much weaker. A WD with ρ0 =
108g/cm3 will emit only 1.4 × 1049erg in the form of neutrino with average
energy of only 4.6 MeV. It will be difficult to observe such a burst and
it will hardly ignite nuclear burning. To find a threshold WD density of
thermonuclear ignition and simulate the nuclear burning will be our next
step.
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3 NS Absorption

One can foresee that as more dense objects NSs will be absorbed by PBHs
much faster than WDs. In fact, Hawking predicted that as in early as his
paper [5]. Our estimates show that a PBH of Hawking mass will be absorbed
for a few million years and that the absorption time is inversely proportional
to PBH initial mass. Thus there is no doubt that a NS will have enough time
to be absorbed by a PBH and the possibility to observe this phenomenon is
entirely determined by the existence and efficiency of a mechanism of energy
release by accreting NS matter.

Using various equations of state of NS matter [9, 10] we have elucidated
that the degree of compression of accreting NS matter will hardly exceed
ten and, thus, will not give rise to the results of [3]. The actual mechanism
of energy release by compressed NS matter will be modified URCA process
driven at zero temperature by the neutron energy increase which accompanies
compression. A spectrum of antineutrino specific emission capacity can be
evaluated following [10]

dNν̃

dεν̃dt
=

m3
nm

3/2
p ε2

ν̃

212c6�4

∫ εF n−εF e+q−εν̃

εF p

∫ εF n+q−εp−εν̃

εF e

∫ εF n

εe+εp+εν̃−q∫ εF n

εF n−q−εn1+εp+εe+εν̃

∑
spins

|Hfi|2√εpε
2
edεpdεedεn1dεn2 (4)

where
∑

spins |Hfi|2 is the squared matrix element of the reaction

n + n → n + p + e− + ν̃, (5)

sum over final and averaged over initial particle spins, q = (mn −mp)c2, mn

and mp are the neutron and proton masses, εν̃ , εn1, εn2, εp and εe are an-
tineutrino, two neutron, proton and electron energies respectively. According
to Eq. 4 the average antineutrino energy amounts to few tens MeV. Similarly
to the WD case, the most part of antineutrino energy will be released at
the stage of free fall of NS matter onto a BH having the mass comparable
with that of NS. Since the free fall time does not exceed the time of antineu-
trino diffusion to the neutrinosphere, a considerable, if not the most part of
emitted antineutrino will be drawn into the BH with accreting matter. This
circumstance allows to argue that NS absorption will not be accompanied
by such large energy release as that of a WD. It should be also mensioned
that both WD and NS absorption by PBHs will give rise to formation of BHs
which are essentially lighter than that forming in usual star collapse.

4 PBH Caption

The best condition for an efficient gravitational PBH capture existed at the
epoch preceding the galaxy formation when the first astrophysical objects
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Fig. 2. Time dependence of a neutrino emission intensity measured from the mo-
ment when Mbh = 0.01MWD.

with masses of the order 105−106M� were forming [2]. A PBH capture by first
solitary stars [1] looks the most promising. However except for the formation
process, further evolution of such stars has not been investigated and does
not allow to estimate the number of WDs and NSs formed. Globular clusters
(GCs) will also abundantly capture PBHs. Both the high concentration and
low velocity of stars as well as the high concentration of captured PBHs in
GCs predetermine a high probability of PBH capture by stars in triple PBH-
star-star collisions. Further process of star binary hardening in collisions and
companion exchange with other stars lead to significant PBH orbit shrinking
and penetration of considerable PBH fraction into stars, some of which turn
later into WDs and NSs. Our investigation of these processes is in progress.

5 Conclusions

In conclusion, complete WD absorption by a PBH can give rise to a supernova
like neutrino burst which is able to ignite WD matter nuclear burning and
opens up a new way of PBH detection.
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Summary. The successful theoretical supernova explosion models should be able
to explain any features of the emission from supernovae at any evolutionary stage.
We check several models from two different points of view. With the multi-frequency
radiation hydro code STELLA we calculate gamma-ray, bolometric and broad-band
UBVI light curves. Then we use the same models to calculate the emission from
young supernova remnants. Here we present new plots for gamma-ray luminosity
from several SN Ia models and recomputations of bolometric and UBVRI light
curves of model 13C for SN 1993J.

1 Introduction

So far, there exist many explosion models proposed by theorists for different
types of supernovae, but still there are no definite criteria to decide which
of the models are realized in nature. Only a few parameters, such as kinetic
energy and total 56Ni production, can be derived directly from the modeling
of the explosion and compared with the observational values. The subsequent
evolution of the exploded star gives us much more possibilities to compare
models and to decide which one fits observations better.

The first possibility is modeling of gamma-ray luminosity of supernovae.
The comparison with the observational values allows to define the total mass
of radioactive isotopes, to judge on the composition of the outer layers where
gamma-rays are absorbed and thermalized, and also to check the approx-
imations of gamma-ray opacity. During the first months after an explosion
one can examine a theoretical model by calculating bolometric and monochro-
matic light curves and spectra, and comparing them with observations. Later
on, gas in the ejecta cools down and becomes almost unobservable. The next
opportunity to analyze the ejecta is on the stage of a young supernova rem-
nant (SNR), when noticeable amount of circumstellar gas is swept up. Then
a reverse shock forms, goes inwards the ejecta and illuminates them once
again.

The successful theoretical supernova explosion models should be able to
explain any feature of the emission from supernovae at any evolutionary
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Table 1. Parameters of SN Ia models

Model DD4 W7 LA4 WD065 MR

MWD
a 1.3861 1.3775 0.8678 0.6500 1.4

M56Ni
a 0.63 0.60 0.47 0.05 0.42

E51
b 1.23 1.20 1.15 0.56 0.46

ain M�
bin 1051 ergs s−1

stage. Different combinations of codes we have in our group allows us to
compute the evolution of models, and therefore test them, on several stages.
For calculations of broad-band optical and bolometric light curves we use the
multi-frequency radiation hydro code STELLA. At the young remnant stage,
while gas is transparent, we calculate the evolution and X-ray emission by
combination of hydro part of STELLA with the non-equilibrium ionization
code which is based on the original algorithm by Peter Lundqvist.

2 SN Ia Models

We choose five models of Type Ia supernovae which are shown in Table 1.
W7 [8] and DD4 [14] are more or less similar classical 1D Chandrasekhar
mass models. LA4 [7] and WD065 [11] are sub-Chandrasekhar mass ones.
(See original works for details.) The last model was computed a couple of
years ago in Garching, in the Max-Planck-Institute group [9]. It is originally
3D. We average it over 4π for our calculation, since we use only 1D codes at
the moment. The main feature of the model is that it is very well mixed, while
energetics and the amount of Ni56 are lower than in other Chandrasekhar
mass models. In our calculations we compare two versions of the model with
the same hydro part, but different element distributions.

3 Results

3.1 SNe Ia

Now there appears more and more possibilities to obtain gamma-ray light
curves using modern gamma-ray space observatories, like COMPTEL [5].
Here we just compare what one would observe after the explosion of the
models we have discussed.

In Fig. 1 we compare the light curves in gamma-rays produced by different
models. We have chosen W7 as a representative case of Chandrasekhar-mass
models. The light curves in gamma-rays are more or less similar for all of
them. The luminosity of the MR model is lower due to smaller amount of
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Fig. 1. Gamma-ray production by Ni and Co decays (dashes), gamma-ray power
deposited into heating (dots), and total gamma-ray luminosity of SN (solid) versus
time in days for different explosion models: W7 (top panel), MR model averaged
over 4π (bottom left), and MR model averaged over an opening angle of 14◦ with
the same mass of 56Ni, which is situated mostly near the center (bottom right).

56Ni, and it rises slower since it is less energetic, so γ-photons are locked inside
the ejecta for longer time. One can see even smaller number of γ-photons
during the first weeks after the explosion in the model similar to MR but less
mixed, with 56Ni residing mostly near the center. The maximum luminosity
in gamma-rays is still the same as in original MR, since we preserve the total
amount of 56Ni.

Therefore, the light curve in gamma-rays during the first months can be
divided into two epochs, that represent different physical parameters of the
explosion: the first 40− 60 days and the following evolution. From the obser-
vations during the first period one can judge on the combination of explosion
energy and the distribution of radioactive stuff over the ejecta, while the
second period tells us mostly about total production of radioactive elements
at the explosion. Since currently the observations can only provide us with
fluxes integrated over several days (or even weeks), it seems expedient to
make two different sets of observations: during the first two months after the
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Fig. 2. Bolometric and UBVRI light curves for SN 1993J. Top left panel: The
best model 13C8 from [2] (solid line – calculations with STELLA, dashes – with
EDDINGTON). Top right and bottom panels: Our recalculation of the same model
with a new version of STELLA. Observational data are taken from [10] and shown
by crosses. The value of reddening is taken to be E(B − V ) = 0.08.

explosion, and after that, in order to distinguish between different parameters
of explosion, and to test explosion models.

We have described our modeling of bolometric and UBVRI light curves
and calculations of X-ray emission of young SNRs in previous work. For
details one can see, e.g., [3, 4, 6]. We just mention here that a bit less energetic
and more mixed models, like MR, seem to us more preferable both for SN
light curve and for SNR X-ray emission. At the latter point, our results
seem to contradict the conclusions by [1], that iron lines from well mixed
models at the SNR stage are too strong, while less mixed models give a better
agreement with observations of Tycho. Still we trust in our results more, since
we take into account the ionization energy in the equation of state, which
is comparable to the thermal energy. Electron thermal conductivity is also
included into our calculations, and it smoothes very much the temperature
profile between forward and reverse shocks. Both these effects are neglected
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in the code by [1], though they are able to change the emitted spectrum
appreciably. The code by [1] takes into account possible difference between
electron and ion temperature using the standard Coulomb collision equation,
while we treat this effect parametrically. This can also lead to differences
in our results. The work on improving physics and making our code more
self-consistent is in progress.

3.2 SN 1993J

In order to pay attention to the SN entitling this conference, we have re-
calculated its light curve. We use the same model 13C from [13] which was
investigated a few years ago in [2]. It is one of the best models for SN 1993J,
and we just wanted to check if the new version of our code STELLA, with
improved and renovated physics, still produces the light curve that fits ob-
servations well.

The results of previous and current calculations are compared in Fig. 2.
The main improvement in the code is a new approach for expansion opac-
ities [12]. They become much more complicated, and, most probably, the
bumps on the new light curves are the results of this improvement. But
sometimes (for instance, in the U band) these bumps seem to fit the observa-
tions even better than it was in the old version. R and I bands are calculated
with STELLA for the first time, and they look perfect.

There is a discussion in the literature on the estimates of the reddening
to SN 1993J ([10] and references therein). In the plots in Fig. 2 we assume
E(B −V ) = 0.08. With larger value, the observational curves become higher
than the modeled ones. So the new version of STELLA confirms that the
model 13C corresponds to the explosion of SN 1993J very well, but in the
case of low reddening.
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Summary. We present the results of a systematic analysis of a group of Type II
plateau supernovae that span a large range in luminosities, from faint objects like SN
1997D and 1999br to very luminous events like SN 1992am. The physical properties
of the supernovae appear to be related to the plateau luminosity or the expansion
velocity. The simultaneous analysis of the observed light curves, line velocities and
continuum temperatures leads us to robust estimates of the physical parameters of
the ejected envelope. We find strong correlations among several parameters. The
implications of these results regarding the nature of the progenitor, the central
remnant and the Ni yield are also addressed.

1 Introduction

Type II supernovae (SNe) are believed to be core-collapse SNe originating
from massive (> 8 M�) red supergiants that retain their hydrogen (H) en-
velopes. The overall phenomenological appearance of these SNe is rather well
understood (see, e.g., [1]). However, although lightcurve and spectral model-
ing have provided important information on the physical properties of single
objects (see, e.g., [7]), comparatively little effort has been devoted to study
the correlations between the basic properties of Type II SNe and to under-
stand to what extent the variety of their observational properties can be
explained in terms of continuous changes of some fundamental physical vari-
ables. This is especially interesting after the recent discovery of a group of
low luminosity (LL), 56Ni poor SNe [5, 8], whose relation with the “normal”
and more luminous Type II events is still under debate. The work in this
area has certainly been hampered also by the very heterogeneous behavior
of Type II SNe. However, a recent investigation has shown that significant
correlations exist among the plateau luminosity, the expansion velocity mea-
sured at 50 days after the explosion and the ejected 56Ni mass [2]. Here we
present the results of a systematic analysis of a group of Type II plateau
supernovae that extends, especially at very low luminosity, the sample previ-
ously considered. While we confirm the results of Hamuy [2], we do not find
evidence of a definite correlation between the ejected envelope mass and the
other parameters.
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2 Selected Sample of Type II Plateau SNe

The data were taken from literature and/or extracted from the large database
of lightcurves and spectra of the Padova-Asiago Supernova Archive. A de-
scription of the selection process is outlined in Pastorello et al. (these Proceed-
ings). Observations of SN 2003Z1, the first LL event extensively monitored
from explosion up to the nebular stage, are also included in the Pastorello
et al. work. SNe with uncertain estimates of the distance and interstellar
absorption and/or with signs of significant interaction with the circumstel-
lar material were not considered. The main selection criterion was to choose
objects that cover a big range in luminosity, including LL, 97D-like events
[5, 8] and luminous 92am-like objects [6]. The selected objects are reported
in Table 1. Most of them have a good photometric coverage until 300 − 400
days after the explosion and at least 4− 5 spectra in the photospheric phase
(up to ∼ 100−120 days). The best available estimates of the explosion epoch,
the distance modulus and interstellar absorption (Galactic and internal) for
these objects are reported in Pastorello et al. (these Proceedings) and Ramina
(Laurea Thesis, unpublished). SN 1987A is included for comparison.

3 Modeling Core-collapse SNe

In the present analysis the physical parameters of the selected sample of
SNe are derived comparing the observational data to model calculations.
The adopted model is a semi-analytic code that solves the energy balance
equation for a spherically symmetric, homologously expanding envelope at
constant density [8]. The initial conditions are rather idealized and provide
an approximate description of the ejected material after shock (and possi-
ble reverse shock) passage, as derived from hydrodynamical calculations. In
particular, elements are assumed to be completely mixed throughout the en-
velope and their distribution depends only on the coordinate mass. Hydrogen,
helium, carbon and oxygen are assumed to be uniformly distributed, whereas
56Ni is more centrally peaked. The evolution of the expanding envelope is
computed including all the relevant energy sources powering the SN and is
schematically divided in 3 phases from the photospheric up to the late nebu-
lar stages (for more details see Zampieri et al. [8] and Ramina [Laurea Thesis,
unpublished]). The most important quantities computed by the code are the
light curve and the evolution of the line velocity and continuum temperature
at the photosphere. The physical properties of the envelope are derived by
performing a simultaneous fit of these three observables with model calcula-
tions.
1 Made in part at the Telescopio Nazionale Galileo (TNG) under program TAC 48.
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Table 1. Physical parameters from the semi-analytic model

R0 Menv MNi V0 E trec,0 Teff log Lp

(1012 cm) (M�) (M�) (108 cm s−1) (1051 erg) (days) (K)

1992am 41 +6
−5 26 +8

−3 0.41 +0.04
−0.04 5.1 +0.5

−0.4 8.1 +4.1
−2.0 53 4400 +400

−300 42.55

1992H 38 +3
−2 23 +7

−3 0.18 +0.01
−0.01 4.9 +0.2

−0.4 6.6 +2.7
−1.8 50 4300 +200

−200 42.4

1996W 37 +5
−3 16 +4

−2 0.17 +0.02
−0.02 4.1 +0.3

−0.3 3.2 +1.3
−0.8 48 4500 +400

−300 42.25

1995ad 17 +3
−2 12 +2

−2 0.029 +0.003
−0.004 4.0 +0.4

−0.4 2.3 +0.9
−0.7 30 4700 +300

−200 41.9

1969L 25 +3
−2 16 +2

−1 0.067 +0.006
−0.005 3.6 +0.2

−0.2 2.5 +0.6
−0.4 50 4300 +200

−10 42.0

1987A 6 +0.9
−0.7 18 +4

−2 0.075 +0.006
−0.006 2.8 +0.2

−0.2 1.7 +0.6
−0.4 26 4300 +100

−200 41.35

1996an 19 +2
−3 13 +2

−1 0.050 +0.005
−0.005 3.3 +0.1

−0.2 1.7 +0.3
−0.3 46 4200 +200

−100 41.8

1999em 14 +3
−2 14 +2

−1 0.022 +0.002
−0.003 3.2 +0.1

−0.2 1.7 +0.4
−0.3 48 3800 +100

−200 41.6

1992ba 13 +2
−1 17 +2

−2 0.016 +0.003
−0.002 3.2 +0.2

−0.4 2.1 +0.5
−0.7 42 3500 +200

−300 41.5

2003Z 13 +2
−1 19 +2

−2 0.006 +0.001
−0.002 2.2 +0.2

−0.1 1.1 +0.3
−0.2 28 4000 +200

−200 41.25

1997D 10 +0.5
−0.5 17 +3

−2 0.008 +0.001
−0.002 2.1 +0.2

−0.2 0.9 +0.3
−0.2 32 3900 +200

−200 41.15

1994N 16 +1
−3 15 +2

−2 0.0068 +0.0003
−0.0003 2.1 +0.2

−0.2 0.8 +0.3
−0.2 38 4200 +300

−200 41.4

2001dc 10 +1
−1 12 +2

−2 0.0058 +0.0005
−0.0007 1.9 +0.3

−0.2 0.5 +0.3
−0.1 27 4000 +200

−200 41.1

1999eu 8 +0.4
−0.6 12 +2

−1 0.003 +0.0005
−0.0004 1.8 +0.3

−0.1 0.5 +0.3
−0.1 38 3600 +200

−100 40.9

1999br 7 +0.4
−0.6 15 +2

−2 0.0021 +0.0002
−0.0002 1.8 +0.1

−0.2 0.6 +0.1
−0.2 33 3400 +100

−200 40.85

R0 is the initial radius of the ejected envelope at the onset of expansion
Menv is the ejected envelope mass

MNi is the ejected 56Ni mass

V0 is the velocity of the homologously expanding envelope at the outer shell

E is the initial thermal+kinetic energy of the ejected envelope

trec,0 is the time when the envelope starts to recombine

Teff is the effective temperature during recombination

Lp Luminosity (BVRI bands) at trec,0

4 Correlations Among Physical Parameters

The physical parameters of the post-shock, ejected envelope are listed in
Table 1. Only some of them are input parameters (R0, Menv, V0, Teff ),
while the others are computed by the code or fixed by the observations. Two
other input physical constants are the fraction of the initial energy that goes
into kinetic energy, f0, and the gas opacity, κ. In this calculation we adopt
f0 = 0.5 (initial equipartition between thermal and kinetic energies) and
κ = 0.2 cm2 g−1 (appropriate for an envelope comprised of He and iron-
group elements). The color correction factor fc = Tc/Teff , that measures
the deviation of the continuum radiation temperature Tc from the blackbody
effective temperature Teff , was kept fixed and equal to 1.2.

As shown in Fig. 1 (left panel), the inferred physical parameters of the
ejected envelope are strongly correlated. All quantities appear to vary con-
tinuously with the plateau luminosity Lp or, alternatively, with the expan-
sion velocity of the envelope at the outer shell V0, which coincides with the
photospheric velocity measured at the onset of recombination. In particular,
the 56Ni mass increases with V0 over several orders of magnitude. The sole
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Fig. 1. Left: Luminosity Lp (circles), energy E (filled squares), envelope mass Menv

(open squares) and 56Ni mass MNi (triangles) vs expansion velocity V0 for the SNe
of our sample. The asterisks denote SN 1987A. Right: Ejected 56Ni mass MNi vs
inferred progenitor main sequence mass M . SN 1998bw is shown for comparison.

exception is the ejected envelope mass Menv that, within the estimated er-
rors, does not show any definite tendency to vary with the other parameters.
Only at high velocities (and luminosities) does Menv increase slightly with
V0.

Correlations between the observed luminosity and photospheric velocity
at 50 days after the explosion, and between the observed luminosity and
inferred ejected 56Ni mass have recently been reported by Hamuy [2]. Our
results confirm his findings and clarify that the physical variable associated
with the photospheric velocity at 50 days after the explosion is the expansion
velocity V0. It is worth noting also that LL, Ni-poor SNe, such as SN 1997D
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and SN 1999br, do not appear to occupy a separate area of the diagram but,
instead, populate the low energy tail of the correlation.

The very weak dependence of Menv on the other parameters has important
consequences for the nature of the progenitor and the compact remnant. We
derived a rough estimate of the progenitor main sequence mass M assuming
no mass loss and a simple but physically plausible “mixing recipe”, that is,
the fraction of carbon-oxygen-helium mass Mmix mixed into the hydrogen
layer and ejected increases with increasing 56Ni yield or expansion velocity
(fmix = Mmix/Menv = 0.15 for the LL events, fmix = 0.4 for the “normal”
Type II SNe, fmix = 0.45 for the high luminosity objects). The results are
not strongly dependent on the specific prescription for mixing, as long as it is
taken to increase with MNi or V0. From this, assuming no rotation, we then
estimate the hydrogen mass from MH = Menv − Mmix = (1 − fmix)Menv

and the main sequence mass from the approximate expression M = 2.9(1 −
fmix)Menv − 10.3 (see, e.g., [1]). Including mass loss would result in larger
values of M , especially for M ≥ 20 M�, with a significant dependence on
metallicity. We find that both high and LL SNe have massive progenitors with
M ≥ 20 − 25 M�. This follows, for the first, from the large inferred value of
Menv while, for the second, from the fact that fmix is small. Because “normal”
and LL events have similar ejected envelope masses Menv but rather different
mixing fractions, the first have comparatively less massive progenitors (12 ≤
M ≤ 20 M�). For the “normal” and high luminosity SNe a large fraction of
the ejected envelope mass comes from the carbon-oxygen-helium layer that
was successfully ejected, while in the LL events Menv essentially measures the
ejected hydrogen mass. Despite the large errors, we find that only LL SNe
appear to have progenitors with masses significantly in excess of Menv. Thus,
they may have undergone significant fallback, as suggested by Zampieri et al.
[8], and harbor black hole remnants.

In Fig. 1 (right panel) we show the plot of the ejected 56Ni mass versus
the inferred progenitor main sequence mass. Again, albeit the errors are very
large, it is possible to recognize that Type II SNe populate different regions
in this diagram. In particular, as originally suggested by Iwamoto et al. [3],
there appears to be a bimodal behavior above ≈ 20 M�, with high luminosity
events populating the high 56Ni tail (close to the area occupied by hypernovae
as SN 1998bw) and LL objects filling the low 56Ni yield region. The reason
for the large spread in ejected 56Ni and the non monotonic behavior of the
M −MNi relation is not clear. Perhaps, as suggested by Maeda and Nomoto
[4], in luminous events a large amount of angular momentum is retained
by the post-shock envelope causing the formation of jets and an enhanced
energy release along the jet axes, whereas “normal” and LL events may have
more spherical shapes. It could also be that different metallicities and mass
loss histories prior to explosion play an important role, with high luminosity
events having more powerful winds while LL ones retain almost all their
hydrogen envelope until explosion.
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Summary. Results of 2D simulations of the magnetorotational mechanism of su-
pernova type II are presented. Amplification of toroidal magnetic field of the star
due to differential rotation of the star leads to the transformation of the rotational
(gravitational) energy to the energy of the supernova explosion. In our simulation
the energy of the explosion is 1.12× 1051 erg. The explosion ejects about 0.11 M�.

1 Magnetorotational Mechanism

The magnotorotational supernova (MRS) explosion model was suggested in
[5]. The idea of MRS consists of getting explosion energy from the rotational
(gravitational) energy of the collapsed magnetized massive star. 1D numer-
ical simulation of the MRS mechanism has been made in [1, 6]. We have
made 2D numerical simulation of the MRS using specially developed implicit
conservative Lagrangian scheme on triangular grid with grid reconstruction.
Our results show that MRS leads to the energy output of the 1.12× 1051 erg
and ejection of 0.11 M�.

Core collapse of a star leads to formation of the rapidly (almost rigidly) ro-
tating neutron core and a differentially rotating large envelope. The explosion
energy for the supernova is taken from the rotational (gravitational) energy
of the magnetized star. The magnetic field plays the role of the “transmission
belt” for the rotational (gravitational) energy to the energy of the supernova
explosion. Toroidal component of the magnetic field is amplifying with time
due to the differential rotation of the star. When the force produced by mag-
netic pressure substantially changes the local balance of forces a compression
MHD wave appears and goes through the star’s envelope outwards. Moving
along a steeply decreasing density profile this wave transforms to the MHD
shock which produces supernova explosion.
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2 Formulation of the Problem

2.1 Basic Equations

Consider a set of magnetohydrodynamical equations with self gravitation and
with infinite conductivity:

dx
dt

= u,
dρ

dt
+ ρ∇ · u = 0,

ρ
du
dt

= −∇
(

p +
H · H

8π

)
+

∇ · (H ⊗ H)
4π

− ρ∇Φ,

ρ
d
dt

(
H
ρ

)
= H · ∇u, ∆Φ = 4πGρ,

ρ
dε

dt
+ p∇ · u + ρF (ρ, T ) = 0,

where d
dt = ∂

∂t + u · ∇ is the total time derivative, x = (r, ϕ, z), u is velocity
vector, ρ is density, p is pressure, H = (Hr, Hϕ, Hz) is magnetic field vector,
Φ is gravitational potential, ε is internal energy, G is gravitational constant,
H⊗H is tensor of rank 2, F (ρ, T ) is the rate of neutrino losses, other notations
are standard..

Axial symmetry ( ∂
∂ϕ = 0) and symmetry to the equatorial plane (z = 0)

are assumed.

2.2 Equations of State

The equations of state P (ρ, T ) [2]. includes approximation of the tables from
[4, 8] for the cold degenerate matter P0(ρ): P ≡ P (ρ, T ) = P0(ρ)+ρ�T + σT 4

3 ,

P0(ρ) =

{
P

(1)
0 = b1ρ

1/3/(1 + c1ρ
1/3), at ρ ≤ ρ1,

P
(k)
0 = a · 10bk(lgρ−8.419)ck at ρk−1 ≤ ρ ≤ ρk, k = 2, 6

(1)

b1 = 10.1240483, c1 = 10−2.257, ρ1 = 109.419, b2 = 1.0, c2 = 1.1598, ρ2 =
1011.5519, b3 = 2.5032, c3 = 0.356293, ρ3 = 1012.26939, b4 = 0.70401515, c4 =
2.117802, ρ4 = 1014.302, b5 = 0.16445926, c5 = 1.237985, ρ5 = 1015.0388, b6 =
0.86746415, c6 = 1.237985, ρ6 
 ρ5, a = 1026.1673.

Here ρ is a total mass-energy. The energy of the unit mass is defined as:
ε = ε0(ρ)+ 3

2�T + σT 4

ρ , where � - gas constant, σ - constant radiation density,

and ε0(ρ) =
ρ∫
0

P0(ρ̃)
ρ̃2 dρ̃.
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Fig. 1. Initial poloidal magnetic field.

The neutrino losses from Urca processes are defined by relation [7]:

f(ρ, T ) =
1.3 · 109æ(T )T

6

1 + (7.1 · 10−5ρT )
2
5

erg · g−1 · c−1, (2)

æ(T) =

⎧⎨⎩
1, T < 7,

664.31 + 51.024(T − 20), 7 ≤ T ≤ 20,
664.31, T > 20, T = T · 10−9.

(3)

Neutrino losses from pair annihilation, photo-production and plasma were
also taken into account. These type of the neutrino losses have been approxi-
mated by the interpolation formulae from [9]: Qtot = Qpair +Qphoto +Qplasm

These three terms can be written in the following general form:

Qd = K(ρ, α)e−cξ a0 + a1ξ + a2ξ
2

ξ3 + b1α + b2α2 + b3α3
. (4)

For d = pair, K(ρ, α) = g(α)e−2α, g(α) = 1 − 13.04
α2 + 133.5

α4 + 1534
α6 + 918.6

α8 ;
For d = photo, K(ρ, α) = (ρ/µZ)α−5; For d = plasm, K(ρ, α) = (ρ/µZ)3;

ξ =
(

ρ/µZ

109

)1/3

α. Here µZ = 2 is number of nucleons per electron. Coefficients
c, ai, bi for different d are given in [9].

The general formula for neutrino losses in non-transparent star has been
written in the following form: F (ρ, T ) = (f(ρ, T ) + Qtot)e−

τν
10 . The multi-

plier e−
τν
10 , where τν = Sνnlν restricts neutrino flux for non zero depth to

neutrino interaction with matter τν . The cross-section for this interaction Sν

was represented in the form Sν = 10−44T 2

(0.5965·1010)2 , the nucleons concentration is:
n = ρ

mp
, mp = 1.67 · 10−24g. The characteristic length scale lν which defines

the depth for the neutrino absorption, was taken to be equal to the charac-
teristic length of the density variation, as lν = ρ

|∇ρ| = ρ

((∂ρ/∂r)2+(∂ρ/∂z)2)1/2 .

This value monotonically decreases when moving to the outward boundary,
from a maximum in the center. It approximately determines to the depth
of the neutrino absorbing matter. The multiplier 1/10 was applied because
in the degenerate matter of the hot neutron star only part of the nucleons
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3

Fig. 2. Velocity field (left plot) and specific angular momentum vϕr (right plot)
at t = 0.191s after turning on the magnetic field. The darker parts at the right plot
correspond to the larger angular momentum.

with the energy near Fermi energy (it was taken ≈ 1/10) takes part in the
neutrino interaction processes.

3 Results

For the numerical simulations we have used implicit Lagrangian difference
scheme on triangular grid with grid reconstruction. For the description of the
applied numerical method see, for example, [3] and references therein. The
number of knots of the triangular grid was about 5000.

As a first stage of the MRS mechanism we have calculated a collapse
of rotating star, leading to differentially rotating configuration. After the
collapse the star (core of evolved massive star) consists of an almost rigidly
rotating neutron star with radius ∼ 10 km which rotates with the period
∼ 0.001 sec, and large, differentially rotating envelope.

After formation of the differentially rotating configuration the initial
poloidal magnetic field was switched on (Fig. 1).

The energy of the initial magnetic field was Emag0 = 10−6Egrav. Where
Emag0 - is the energy of the initial magnetic field, Egrav - is the gravitational
energy of the collapsed star.

Due to the differential rotation the toroidal component of the magnetic
field is increasing with time. The magnetic pressure grows and produces a
compression MHD wave, which moves through the envelope with steeply
decreasing density. Soon after appearing this wave transforms into the MHD
shock, which throws away part of the matter of the envelope. The MHD shock
front is clearly seen at the velocity field plot (Fig. 2 - left plot). The magnetic
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Fig. 3. Time evolution of the (ejected energy)/(rotational energy) in percent (left
plot) and (ejected mass)/(total mass) in percent (right plot).

field transmits angular momentum of the neutron star outwards (Fig. 2 -
right plot).

Results of our simulations show that the energy of the supernova explosion
is about 1.12 × 1051 erg (35% of the rotational energy of the star). The
explosion ejects about 0.11 M� (∼ 9.7% of the mass of the star). At the Fig. 3
the time evolution of the ejected mass and ejected energy are presented.

Detailed description of the results of the simulations of the MRS will be
published elsewhere.

Acknowledgement. This work was partially supported by the grant RFBR 02-02-
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Summary. Stars more massive than ∼ 20 − 25 M� form a black hole at the end
of their evolution. Stars with non-rotating black holes are likely to collapse “qui-
etly” ejecting a small amount of heavy elements (faint supernovae). In contrast,
stars with rotating black holes are likely to give rise to very energetic supernovae
(hypernovae). We present distinct nucleosynthesis features of these two types of
“black-hole-forming” supernovae. Nucleosynthesis in hypernovae is characterized
by larger abundance ratios (Zn,Co,V,Ti)/Fe and smaller (Mn,Cr)/Fe than normal
supernovae, which can explain the observed trend of these ratios in extremely metal-
poor stars. Nucleosynthesis in faint supernovae is characterized by a large amount
of fall-back. We show that the abundance pattern of the recently discovered most
Fe-poor star, HE0107-5240, and other extremely metal-poor carbon-rich stars are
in good accord with those of black-hole-forming supernovae, but not pair-instability
supernovae. This suggests that black-hole-forming supernovae made important con-
tributions to the early Galactic (and cosmic) chemical evolution. Finally we discuss
the nature of first (Pop III) Stars.

1 Hypernovae and Faint Supernovae

Among the important developments in recent studies of core-collapse super-
novae are the discoveries of two distinct types of supernovae (SNe) (Fig. 1)
[16, 23]: 1) very energetic SNe (hypernovae), whose kinetic energy (KE) ex-
ceeds 1052 erg, about 10 times the KE of normal core-collapse SNe (hereafter
E51 = E/1051 erg), and 2) very faint and low energy SNe (E51

<∼ 0.5; faint su-
pernovae). These two types of supernovae are likely to be black-hole-forming
supernovae with rotating or non-rotating black holes. We compare their nucle-
osynthesis yields with the abundances of extremely metal-poor (EMP) stars
to identify the Pop III (or first) supernovae. We show that the EMP stars,
especially the C-rich class, are likely to be enriched by black-hole-forming
supernovae.
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Fig. 1. The ejected 56Ni mass as a function of the main sequence mass of the
progenitors for several supernovae/hypernovae [16, 22, 23].

2 Nucleosynthesis in Hypernova Explosions

In core-collapse supernovae/hypernovae, stellar material undergoes shock
heating and subsequent explosive nucleosynthesis. Iron-peak elements are
produced in two distinct regions, which are characterized by the peak tem-
perature, Tpeak, of the shocked material. For Tpeak > 5 × 109 K, material
undergoes complete Si burning whose products include Co, Zn, V, and some
Cr after radioactive decays. For 4×109 K < Tpeak < 5×109 K, incomplete Si
burning takes place and its after decay products include Cr and Mn [9, 32].

2.1 Supernovae vs. Hypernovae

The right panel of Fig. 2 shows the composition in the ejecta of a 25 M�
hypernova model (E51 = 10). The nucleosynthesis in a normal 25 M� SN
model (E51 = 1) is also shown for comparison in the left panel of Fig. 2 [33].

We note the following characteristics of nucleosynthesis with very large
explosion energies [19, 20, 21, 25]:

1. Both complete and incomplete Si-burning regions shift outward in mass
compared with normal supernovae, so that the mass ratio between the
complete and incomplete Si-burning regions becomes larger. As a re-
sult, higher energy explosions tend to produce larger [(Zn, Co, V)/Fe]
and smaller [(Mn, Cr)/Fe], which can explain the trend observed in very
metal-poor stars [36].

2. In the complete Si-burning region of hypernovae, elements produced by
α-rich freeze out are enhanced. Hence, elements synthesized through cap-
turing of α-particles, such as 44Ti, 48Cr, and 64Ge (decaying into 44Ca,
48Ti, and 64Zn, respectively) are more abundant.
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Fig. 2. Abundance distribution plotted against the enclosed mass Mr after the
explosion of Pop III 25 M� stars with E51 = 1 (left) and E51 = 10 (right) [33].

3. Oxygen burning takes place in more extended regions for the larger KE.
Then more O, C, Al are burned to produce a larger amount of burning
products such as Si, S, and Ar. Therefore, hypernova nucleosynthesis is
characterized by large abundance ratios of [Si,S/O], which can explain
the abundance feature of M82 [34].

2.2 Hypernovae and Zn, Co, Mn, Cr

Hypernova nucleosynthesis may have made an important contribution to
Galactic chemical evolution. In the early Galactic epoch when the Galaxy
was not yet chemically well-mixed, [Fe/H] may well be determined by mostly
a single SN event [3]. The formation of metal-poor stars is supposed to be
driven by a supernova shock, so that [Fe/H] is determined by the ejected Fe
mass and the amount of circumstellar hydrogen swept-up by the shock wave
[27]. Then, hypernovae with larger E are likely to induce the formation of
stars with smaller [Fe/H], because the mass of interstellar hydrogen swept
up by a hypernova is roughly proportional to E [27, 30] and the ratio of the
ejected iron mass to E is smaller for hypernovae than for normal supernovae.

In the observed abundances of halo stars, there are significant differences
between the abundance patterns in the iron-peak elements below and above
[Fe/H]∼ −2.5 −−3.

1. For [Fe/H] <∼ − 2.5, the mean values of [Cr/Fe] and [Mn/Fe] decrease
toward smaller metallicity, while [Co/Fe] increases [17, 27].

2. [Zn/Fe]∼ 0 for [Fe/H] � −3 to 0 [31], while at [Fe/H] < −3.3, [Zn/Fe]
increases toward smaller metallicity [4, 26].

The larger [(Zn, Co)/Fe] and smaller [(Mn, Cr)/Fe] in the supernova ejecta
can be realized if the mass ratio between the complete Si burning region and
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Fig. 3. Observed abundance ratios of [Zn, Co, Cr, Mn/Fe] vs [Fe/H] compared
with (20M, E51 = 1) and (25M, E51=30) models (large open circles) [36].

the incomplete Si burning region is larger, or equivalently if deep material
from the complete Si-burning region is ejected by mixing or aspherical effects.
This can be realized if:

1. The mass cut between the ejecta and the compact remnant is located at
smaller Mr [18];

2. E is larger to move the outer edge of the complete Si burning region to
larger Mr [19]; or

3. Asphericity in the explosion is larger [14].

Among these possibilities, a large explosion energy E enhances α-rich
freeze out, which results in an increase of the local mass fractions of Zn and
Co, while Cr and Mn are not enhanced [25, 33]. Models with E51 = 1 do not
produce sufficiently large [Zn/Fe]. To be compatible with the observations of
[Zn/Fe] ∼ 0.5, the explosion energy must be much larger, i.e., E51

>∼ 20 for
M >∼ 20 M�, i.e., hypernova-like explosions of massive stars are responsible
for the production of Zn.
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Fig. 4. (left) The post-explosion abundance distributions for the 25 M� model
with the explosion energy E51 = 0.3 [35]. (right) Elemental abundances of the C-
rich most Fe deficient star HE0107-5240 (filled circles), compared with a theoretical
supernova yield [35].

In the hypernova models, the overproduction of Ni, as found in the simple
“deep” mass-cut model, can be avoided [25]. Therefore, if hypernovae made
significant contributions to the early Galactic chemical evolution, it could
explain the large Zn and Co abundances and the small Mn and Cr abundances
observed in very metal-poor stars (Fig. 3) [36].

3 Extremely Metal-Poor (EMP) Stars
and Faint Supernovae

Recently the most Fe deficient and C-rich low mass star, HE0107-5240, was
discovered [6]. This star has [Fe/H] = −5.3 but its mass is as low as 0.8 M�.
This would challenge the recent theoretical arguments that the formation of
low mass stars, which should survive until today, is suppressed below [Fe/H]
= −4 [29].

The important clue to this problem is the observed abundance pattern
of this star. This star is characterized by a very large ratios of [C/Fe] =
4.0 and [N/Fe] = 2.3, while the abundances of elements heavier than Mg
are as low as Fe [6]. Interestingly, this is not the only extremely metal poor
(EMP) stars that have the large C/Fe and N/Fe ratios, but several other such
stars have been discovered [28]. Therefore the reasonable explanation of the
abundance pattern should explain other EMP stars as well. We show that the
abundance pattern of C-rich EMP stars can be reasonably explained by the
nucleosynthesis of 20 − 130 M� supernovae with various explosion energies
and the degree of mixing and fallback of the ejecta.
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Fig. 5. (left) Elemental abundances of CS 22949-037 (open circles for Norris et al.
2001 [24], and solid squares for Depagne et al. 2002 [7]), compared with a theoretical
supernova yield [35, 36]. (right) Same as the left panel but for CS 29498-043 [2].

3.1 The Most Fe-poor Star HE0107-5240

We consider a model that C-rich EMP stars are produced in the ejecta of
(almost) metal-free supernova mixed with extremely metal-poor interstellar
matter. We use Pop III pre-supernova progenitor models, simulate the super-
nova explosion and calculate detailed nucleosynthesis [35].

In Fig. 4 (right) we show that the elemental abundances of one of our
models are in good agreement with HE0107-5240, where the progenitor mass
is 25 M� and the explosion energy E51 = 0.3 [35].

In this model, explosive nucleosynthesis takes place behind the shock wave
that is generated at Mr = 1.8 M� and propagates outward. The resultant
abundance distribution is seen in Fig. 4 (left), where Mr denotes the La-
grangian mass coordinate measured from the center of the pre-supernova
model [35]. The processed material is assumed to mix uniformly in the region
from Mr = 1.8 M� and 6.0 M�. Such a large scale mixing was found to take
place in SN1987A and various explosion models [8, 11]. Almost all materials
below Mr = 6.0 M� fall back to the central remnant and only a small fraction
(f = 2× 10−5) is ejected from this region. The ejected Fe mass is 8 × 10−6

M�.
The CNO elements in the ejecta were produced by pre-collapse He shell

burning in the He-layer, which contains 0.2 M� 12C. Mixing of H into the He
shell-burning region produces 4 × 10−4 M� 14N. On the other hand, only a
small amount of heavier elements (Mg, Ca, and Fe-peak elements) are ejected
and their abundance ratios are the average in the region of Mr = 1.8 − 6.0
M�. The sub-solar ratios of [Ti/Fe] = −0.4 and [Ni/Fe] = −0.4 are the results
of the relatively small explosion energy (E51 = 0.3). With this “mixing and
fallback”, the large C/Fe and C/Mg ratios observed in HE0107-5240 are well
reproduced [35].

In this model, N/Fe appears to be under produced. However, N can be
produced inside the EMP stars through the C-N cycle, and brought up to
the surface during the first dredge up stage while becoming a red-giant star
[5].
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Fig. 6. (left) Averaged elemental abundances of stars with [Fe/H] = −3.7 [24]
compared with a theoretical supernova yield [36]. (right) Yields of a pair-instability
supernova from the 200 M� star [33].

3.2 Carbon-rich EMP Stars: CS 22949-037 and CS 29498-043

The mixing and fallback is commonly required to reproduce the abundance
pattern of typical EMP stars. In Fig. 5 (left) we show a model, which is in
good agreement with CS22949-037 [35]. This star has [Fe/H] = −4.0 and also
C, N-rich [7, 24], though C/Fe and N/Fe ratios are smaller than HE0107-5240.
The model is the explosion of a 30 M� star with E51 = 20. In this model,
the mixing region (Mr = 2.33 - 8.56 M�) is chosen to be smaller than the
entire He core (Mr = 13.1 M�) in order to reproduce relatively large Mg/Fe
and Si/Fe ratios.

Similar degree of the mixing, but for a more massive progenitor, would also
reproduce the abundances of CS29498-043 [2], which shows similar abundance
pattern (Fig. 5: right).

We assume a larger fraction of ejection than HE0107-5240, 0.2%, from
the mixed region for CS22949-037, because the C/Fe and N/Fe ratios are
smaller. The ejected Fe mass is 0.003 M�. The larger explosion energy model
is favored for explaining the large Zn/Fe, Co/Fe and Ti/Fe ratios [33].

Without mixing, elements produced in the deep explosive burning regions,
such as Zn, Co, and Ti, would be under produced. Without fallback the
abundance ratios of heavy elements to lighter elements, such as Fe/C, Fe/O,
and Mg/C would be too large. In this model, Ti, Co, Zn and Sc are still
under produced. However, these elements may be enhanced efficiently in the
aspherical explosions [12, 13, 14].

3.3 EMP Stars with a Typical Abundance Pattern

Similarly, the “mixing and fall back” process can reproduce the abundance
pattern of the typical EMP stars without enhancement of C and N. Fig. 6
(left) shows that the averaged abundances of [Fe/H] = −3.7 stars in Norris et
al. [24] can be fitted well with the model of 25 M� and E51 = 20 but larger
fraction (∼ 10%) of the processed materials in the ejecta. This yield [36] is
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Fig. 7. Left: Distributions of 56Ni (which decays into 56Fe: filled circles) and 16O
(dots). The mass elements in which the mass fraction of each isotope exceeds 0.1
are plotted. Right: Mass fractions of selected isotopes in the velocity space along
the z-axis [13, 14].

recommendable as averaged core-collapse SN yields for the use of chemical
evolution models.

3.4 Aspherical Explosions

Some observations have indicated that hypernovae ever studied show as-
phericity to some extent (e.g., [15]). The “mixing and fall-back” effect may
also be effectively realized in non-spherical explosions accompanying energetic
jets (e.g., [12, 13, 14]). Compared with the spherical model with the same
Mcut(i) and E, the shock is stronger (weaker) and thus temperatures are
higher (lower) in the jet (equatorial) direction. As a result, a larger amount
of complete Si-burning products are ejected in the jet direction, while only
incomplete Si-burning products are ejected in the equatorial direction (Fig.
7). In total, complete Si-burning elements can be enhanced [13, 14].

The jet-induced explosion results in angle-dependent distribution of nu-
cleosynthetic products as shown in Fig. 7. The distribution of 56Ni (which
decays into 56Fe) is elongated in the jet direction, while that of 16O is con-
centrated in the central region.

Zn and Co are ejected at higher velocities than Mn and Cr, so that the
latter accrete onto the central remnant more easily. As a consequence, [Zn/Fe]
and [Co/Fe] are enhanced, while [Mn/Fe] and [Cr/Fe] are suppressed.
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4 The First Stars

It is of vital importance in current astronomy to identify the first generation
stars in the Universe, i.e., totally metal-free, Pop III stars. The impact of the
formation of Pop III stars on the evolution of the Universe depends on their
typical masses. Recent numerical models have shown that, the first stars are
as massive as ∼ 100 M� [1]. The formation of long-lived low mass Pop III
stars may be inefficient because of slow cooling of metal free gas cloud, which
is consistent with the failure of attempts to find Pop III stars.

If the most Fe deficient star, HE0107-5240, is a Pop III low mass star that
has gained its metal from a companion star or interstellar matter [37], would
it mean that the above theoretical arguments are incorrect and that such low
mass Pop III stars have not been discovered only because of the difficulty in
the observations?

Based on the results in the earlier section, we propose that the first gener-
ation supernovae were the explosion of ∼ 20−130 M� stars and some of them
produced C-rich, Fe-poor ejecta. Then the low mass star with even [Fe/H]
< −5 can form from the gases of mixture of such a supernova ejecta and the
(almost) metal-free interstellar matter, because the gases can be efficiently
cooled by enhanced C and O ([C/H] ∼ −1).

We have shown that the ejecta of core-collapse supernova explosions of
20− 130 M� stars can well account for the abundance pattern of EMP stars.
In contrast, the observed abundance patterns cannot be explained by the
explosions of more massive, 130 − 300 M� stars. These stars undergo pair-
instability supernovae (PISNe) and are disrupted completely (e.g., [10, 33]),
which cannot be consistent with the large C/Fe observed in HE0107-5240 and
other C-rich EMP stars. The abundance ratios of iron-peak elements ([Zn/Fe]
< −0.8 and [Co/Fe] < −0.2) in the PISN ejecta (Fig. 6, [10, 33]) cannot
explain the large Zn/Fe and Co/Fe in the typical EMP stars [17, 24, 26] and
CS22949-037 either. Therefore the supernova progenitors that are responsible
for the formation of EMP stars are most likely in the range of M ∼ 20− 130
M�, but not more massive than 130 M�. This upper limit depends on the
stability of massive stars.

Acknowledgement. Detailed yields are seen at http://supernova.astron.s.u-tokyo.ac.
jp/∼umeda/data.html. This work has been supported in part by the grant-in-Aid
for COE Scientific Research (14047206, 14540223, 15204010, 16042201, 16540229)
of the Ministry of Education, Science, Culture, Sports, and Technology in Japan.

References

1. T. Abel, G.L. Bryan, M.L. Norman: Science 295, 93 (2002)
2. W. Aoki, S.G. Ryan, T.C. Beers, H. Ando: Astrophys. J. 567, 1166 (2002)
3. J. Audouze, J. Silk: Astrophys. J. Lett. 451, L49 (1995)



296 K. Nomoto et al.

4. L.A.J. Blake, S.G. Ryan, J.E. Norris, T.C. Beers: Nuc. Phys. 688, 502 (2001)
5. A.I. Boothroyd, I.-J. Sackmann: Astrophys. J. 510, 217 (1999)
6. N. Christlieb et al. : Nature 419, 904 (2002)
7. E. Depagne et al. : Astron. Astrophys. 390, 187 (2002)
8. I. Hachisu, T. Matsuda, K. Nomoto, T. Shigeyama: Astrophys. J. Lett. 358,

L57 (1990)
9. M. Hashimoto, K. Nomoto, T. Shigeyama: Astron. Astrophys. 210, L5 (1989)

10. A. Heger, S.E. Woosley: Astrophys. J. 567, 532 (2002)
11. K. Kifonidis, T. Plewa, H.-Th. Janka, E. Muller: Astrophys. J. Lett. 531,

L123 (2000)
12. K. Maeda, T. Nakamura, K. Nomoto, P.A. Mazzali, F. Patat, I. Hachisu: As-

trophys. J. 565, 405 (2002)
13. K. Maeda, K. Nomoto: Nuc. Phys. A718, 167 (2003)
14. K. Maeda, K. Nomoto: Astrophys. J. 598, 1163 (2003)
15. K. Maeda, P.A. Mazzali, J. Deng, K. Nomoto, Y. Yoshii, H. Tomita,

Y. Kobayashi: Astrophys. J. 593, 931(2003)
16. P.A. Mazzali, K. Nomoto, J. Deng, K. Maeda, K. Iwamoto, A.V. Filippenko,

R.T. Foley: In: these Proceedings
17. A. McWilliam, G.W. Preston, C. Sneden, L. Searle: Astron. J. 109, 2757 (1995)
18. T. Nakamura, H. Umeda, K. Nomoto, F.-K. Thielemann, A. Burrows: Astro-

phys. J. 517, 193 (1999)
19. T. Nakamura, H. Umeda, K. Iwamoto, K. Nomoto, M. Hashimoto, R.W. Hix,

F.-K. Thielemann: Astrophys. J. 555, 880 (2001)
20. K. Nomoto et al. : In: Supernovae and Gamma Ray Bursts, eds. M. Livio et al.

(Cambridge Univ. Press: Cambridge, 2001) p. 144
21. K. Nomoto, K. Maeda, H. Umeda, T. Nakamura: In: The Influence of Binaries

on Stellar Populations Studies, ed. D. Vanbeveren (Kluwer: Dordrecht, 2001)
p. 507

22. K. Nomoto, K. Maeda, H. Umeda, T. Ohkubo, J. Deng, P.A. Mazzali: In:
IAU Symp 212, A Massive Star Odyssey, from Main Sequence to Supernova,
eds. V.D. Hucht, A. Herrero, C. Esteban (ASP: San Francisco, 2003) p. 395

23. K. Nomoto, K. Maeda, P.A. Mazzali, H. Umeda, J. Deng, K. Iwamoto: astro-ph
0308136 (2003)

24. J.E. Norris, S.G. Ryan, T.C. Beers: Astrophys. J. 561, 1034 (2001)
25. T. Ohkubo, H. Umeda, K. Nomoto: Nuc. Phys. A718, 632 (2003)
26. F. Primas et al. : In: The First Stars, eds. A. Weiss, et al. (Springer: Berlin,

2000) p. 51
27. S.G. Ryan, J.E. Norris, T.C. Beers: Astrophys. J. 471, 254 (1996)
28. S.G. Ryan: astro-ph 0211608 (2002)
29. R. Schneider, A. Ferrara, P. Natarajan, K. Omukai: Astrophys. J. 571,

30 (2002)
30. T. Shigeyama, T. Tsujimoto: Astrophys. J. Lett. 507, L135 (1998)
31. C. Sneden, R.G. Gratton, D.A. Crocker: Astron. Astrophys. 246, 354 (1991)
32. F.-K. Thielemann, K. Nomoto, M. Hashimoto: Astrophys. J. 460, 408 (1996)
33. H. Umeda, K. Nomoto: Astrophys. J. 565, 385 (2002)
34. H. Umeda, K. Nomoto, T. Tsuru, H. Matsumoto: Astrophys. J. 578, 855 (2002)
35. H. Umeda, K. Nomoto: Nature 422, 871 (2003)
36. H. Umeda, K. Nomoto: astro-ph 0308029 (2003)
37. Y. Yoshii: Astron. Astrophys. 97, 280 (1981)



Nucleosynthesis in Multi-Dimensional
Simulations of SNII

C. Travaglio1,2, K. Kifonidis1 and E. Müller1

1 Max-Planck Institut für Astrophysik, Karl-Scwarzschild Str. 1, 85741 Garching
bei München, Germany

2 INAF-Osservatorio Astronomico di Pino Torinese, Strada Osservatorio 20,
10025 Torino, Italy;
travaglio@to.astro.it

Summary. We investigate explosive nuclear burning in core collapse supernovae
by coupling a tracer particle method to one- and two-dimensional Eulerian hydrody-
namic calculations. Adopting the most recent experimental and theoretical nuclear
data, we compute the nucleosynthetic yields for 15 M� stars with solar metallicity,
by post-processing the temperature and density history of advected tracer particles.
We compare our results to 1D calculations published in the literature.

1 Introduction

The pre- and post-explosive nucleosynthesis of massive stars has been studied
extensively by several groups over the last years (see [6, 10, 12, 13], and the
references therein). Although a lot of work has been performed in this field,
computed nucleosynthetic yields are still affected by numerous uncertainties.
The impact of multidimensional hydrodynamics has not been investigated
in detail so far. In addition, among the isotopes whose yields are known to
depend sensitively on the explosion mechanism, and thus cannot be predicted
accurately at present, are key nuclei, like 56Ni and 44Ti, that are of crucial
importance for the evolution of supernova remnants and for the chemical
evolution of galaxies.

2 Hydrodynamic Models and Marker Particle Method

The nucleosynthesis calculations presented in this work are based on one and
two-dimensional hydrodynamic models of SNe which follow the revival of
the stalling shock, which forms after iron core collapse, and its propagation
through the star from 20 ms up to a few seconds after core bounce (when
the explosion energy has saturated and all important nuclear reactions have
frozen out). The simulations are started from post-collapse models of Rampp
& Janka (private communication), who followed core-collapse and bounce in
the 15 M�, Z = Z� progenitors of [13] and [6]. We employ the HERAKLES
code, which solves the hydrodynamic equations in 1, 2 or 3 spatial dimensions
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Fig. 1. Explosion energies for the different models discussed in the text.

with the direct Eulerian version of the Piecewise Parabolic Method [2], and
which incorporates the light-bulb neutrino treatment and the equation of
state of [3] (for more details see [5], and the references therein). The main
advantages of our approach are that we drive the shock by accounting for
neutrino-matter interactions in the layers outside the newly born neutron
star, instead of using a piston (see, e.g., [13]) or a “thermal bomb,” and the
possibility to perform calculations from one up to three spatial dimensions.

Choosing a hydrodynamic scheme for computing multi-dimensional hy-
drodynamic models that include the nucleosynthesis, one faces the dilemma
of using either a Lagrangian or an Eulerian method. Since nuclear networks
with hundreds of isotopes are prohibitively expensive in terms of CPU time
and memory for multi-dimensional calculations, such networks can only be
solved in a post-processing step (the energy source term due to nuclear burn-
ing can usually be calculated with a small network online with the hydrody-
namics, and may even be neglected completely in some cases, depending on
the structure of the progenitor). Using an Eulerian scheme (where the grid
is fixed in space) or even adaptive schemes (in which the grid automatically
adapts to resolve steep gradients in the solution) the problem arises how one
should obtain the necessary data for the post-processing calculations. We do
this by adding a “Lagrangian component” to our Eulerian scheme in the form
of marker particles that we passively advect with the flow in the course of the
Eulerian calculation, recording their T and ρ history by interpolating the cor-
responding quantities from the underlying Eulerian grid. A similar method
has been adopted in a previous study of multi-dimensional nucleosynthesis
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Table 1. Parameters of models, using the [13](WW95) and [6](LSC00) progenitors.

Model Zones Nmarkers L0
νe,52 Eexp,51 texp (ms) 56Ni (M�)

E294 2000 1024 2.940 1.46 230 0.192
L294 400×180 8000 2.940 1.99 125 0.120
E336 2000 1024 3.365 1.33 260 0.234
L3365 400×180 8000 3.365 2.69 150 0.146
C134 2000 1024 1.344 1.28 600 0.085
C105 400×180 8000 1.050 1.29 280 0.064

in core collapse SNe by [8], in very massive stars [7], and in Type Ia SNe [9].
For our 1D and 2D calculations we have used 1024 and 8000 marker parti-
cles, respectively. They are distributed homogeneously in mass throughout
the progenitor’s Fe core, Si, O, and C shells assuming the composition of the
progenitor at the corresponding mass coordinate as the initial composition
of the respective tracer particle.

3 Nucleosynthesis: Results and Perspectives

Given the temperature and density history of individual marker particles we
can calculate their nucleosynthetic evolution and compute the total yields
(including the decays of unstable isotopes) as a sum over all particles. The
reaction network employed for our nucleosynthesis calculations contains 296
nuclear species, from neutrons, protons, and α-particles to 78Ge (F.-K. Thiele-
mann, private communication). The reaction rates include experimental and
theoretical nuclear data as well as weak interaction rates.

So far we have investigated six explosion models for their nucleosynthetic
yields: a one-dimensional (E294) and a corresponding two-dimensional (L294)
model that made use of model s15s7b of [13], with high energy of the explo-
sion. A second pair of a one (E336) and two-dimensional (E3365) simulation
for the 15 M� [6] progenitor. Also in this second case the explosion energy
obtained is high. Finally, a third pair of a one (C134) and two-dimensional
(C105) simulation for the 15 M� s15s7b of [13], but with a much lower ex-
plosion energy. The properties of these models are given in Table 1, where
L0

νe,52 is the electron neutrino luminosity (in units of 1052 erg/s), Eexp,51 is
the explosion energy (in units of 1051 erg), and texp is the explosion time
scale (in ms) defined as the time after the start of the simulation when the
explosion energy exceeds 1049 erg (for a detailed explanation of the neutrino
parameters see [3, 5]). In the last column of Table 1 we also added the 56Ni
mass obtained using these hydrodynamic models and the nucleosynthesis cal-
culations described above.

Figure 1 shows the evolution of the explosion energy for the six models,
using the same neutrino luminosity for the 1D and 2D model of the same
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Fig. 2. Final mass fractions obtained for the 1D (dotted line) and 2D simulation
(solid line) as a function of the atomic number, for the cases E294 and L294.

progenitor. The [6] progenitor needs higher neutrino luminosity to explode,
mainly due to the fact that it has a more compact core. The C134 and C105
models evolve much slower in time (as an effect of a lower explosion energy).
Our goal is to investigate the consequences on nucleosynthesis (in particular
mixing can play a major role under these conditions).

In Fig. 2 we compare the yields of the 1D and 2D simulations (E294 and
L294, respectively) for the [13] progenitor. The differences, which are appar-
ently negligible in case of the lighter nuclei and small for the heavier ones,
are mainly due to the on average higher temperatures in the 2D simulation,
i.e. more free neutrons are available in the innermost layers of the 2D sim-
ulation. This results in higher production factors for isotopes very sensitive
to neutron captures, like e.g. 46,48Ca, 49,50Ti, 50,51V, 54Cr, and 67Zn. A more
detailed discussion on nucleosynthesis calculation in multidimensional simu-
lations of SNII is included in Travaglio et al. (2004, in preparation), where
also a network extended to heavier isotopes has been considered.

For the cases with high energy of the explosion, the reason for the rather
small differences in the yields between the 1D and 2D simulations are the
high initial neutrino luminosities, that we adopted for our calculations, and
their rapid exponential decline. This leads to very rapid (and energetic) ex-
plosions. The short explosion time scale prevents the convective bubbles,



Nucleosynthesis in Multi-Dimensional Simulations of SNII 301

which form due to the negative entropy gradient in the neutrino-heated re-
gion, to merge to large-scale structures that can lead to global anisotropies,
and hence to significant differences compared to the 1D case. Lowering the
neutrino luminosities (and the explosion energies), as in the cases C134 and
C105, we obtain stronger convection that strongly distorts the shock wave
by developing large bubbles of neutrino-heated material (see [3, 4] for exam-
ples). Adopting constant core luminosities instead of an exponential law, we
can produce models where the phase of convective overturn lasts for several
turn-over times and which exhibit the vigorous boiling behavior reported by
[1]. Such cases can finally develop global anisotropies, showing a dominance
of the m = 0, l = 1 mode of convection (see [11]). As a consequence, convec-
tion can lead to large deviations from spherical symmetry, and thus to larger
differences in the final yields than those visible in Fig. 2. We are currently
investigating such models in more detail.
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Summary. We analyze late-time observations, available photometry and spectra,
of a sample of type II plateau supernovae (SNe IIP). The possibility of using Hα
luminosity at the nebular epoch as a tracer of 56Ni mass in this class of objects is in-
vestigated, yielding a consistency with the photometry-based estimates within 20%.
Interesting correlations are found and their impacts on our present understanding
of the physics of core collapse SNe are discussed.

1 Results and Discussion

The study of SNe IIP (i.e., optical properties, asymmetry, clumping, nu-
cleosynthesis and yields) provides constraints on the explosion models and
pre-supernova parameters. In particular, the 56Ni mass is one of the crucial
parameters since it presumably depends on the presupernova structure and
the explosion model [1].

We select a sample of type IIP SNe on the basis of available photometry
and spectra, especially at latter epochs. In Fig. 1(left) we display the absolute
V −light curves of the SNe sample together with that of SN 1987A. We adopt
unique distance determination methodology, namely using the recession ve-
locity of the host galaxy corrected for Local Group in fall onto the Virgo
Cluster and assuming a Hubble constant H0=70 km s−1Mpc−1. Galactic ex-
tinction is removed using the map of galactic dust extinction by Schlegel et
al. [7], while the host galaxy reddening is estimated from the “B − V ” and
“V −R” color excess compared to the intrinsic color curves of SN 1987A. This
is based on the fact that at the late photospheric phase, through the end of
the recombination phase, SNe IIP seem to follow color evolution similar to
SN 1987A [8].

The computed late time decline slopes, in the 150−400 d time range, are
consistent with the radioactive decay of 56Co and consequent trapping of the
gamma-rays. Indeed a mean value of about < γV > � 0.99 (±0.13) for the
sample SNe is measured.

Once we fix the points related to the extinction and distance, which are
crucial when dealing with a SN-sample study, we proceed with computing
the amounts of ejected 56Ni using the absolute V −light curve of SN 1987A
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Fig. 1. Left: MV light curves of the SNe sample. The dashed line shows the slope
for 56Co decay. Right: determination of the steepness and inflection time for the
case of SN 1999gi (data from Leonard et al. [6]).

as template (in the 120−400 days time range). We found a range from lower
values for SN 1999eu and SN 1997D to a higher one for SN 1992H ([0.003 −
0.13] M�), with an average of about 0.05 M�. These results combined with
the emergence of the extremely faint and bright events (see also the chapters
by Pastorello and by Hamuy in these Proceedings) tend to change the general
belief about the 56Ni production in type II SNe (i.e. all eject ∼ 0.07 M�).
The above facts are extremely important for modeling the chemical evolution
of galaxies since they impose constraints on the iron production.

Analyzing the absolute light curves of the sample events, we introduce
a new parameter, called “steepness” and defined as S = −dMV /dt , which
describes the shape of the light curves and provides a way to measure the
decay rate at the inflection point. The light curves in the transition period
from plateau to radioactive tail are approximated by a sum of plateau and
radioactive terms:

F = A
(t/t0)p

1 + (t/t0)q
+ B exp(−t/111.26), (1)

where A, B, t0, p and q are parameters derived by the χ2 minimization
technique in the sensitive interval ti±50 days. Fig. 1(right) demonstrates the
behavior of S and determination of the inflection time ti for the case of SN
1999gi.

The correlation between the 56Ni mass and plateau MV found by Hamuy
[5] is confirmed (Fig. 2, left), and the linear fit is described by the equation:

log M(56Ni) = −0.438MV (ti − 35) − 8.46. (2)
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Fig. 2. Left: the correlation between MV magnitudes of plateau and of radioactive
tail. Upper panel shows the correlation between MV at the moment (ti − 35d)
and 56Ni mass derived from the tail magnitudes. Lower panel shows directly the
correlation of plateau magnitude MV (ti − 35d) and tail magnitude MV (ti + 35d).
Right: the correlation between 56Ni mass and steepness S. Case “a” of SN 1997D
is adopted for the fits (dashed lines).

Furthermore an interesting by-product of the sample photometry analysis
is the correlation found between 56Ni mass and the steepness parameter S.
The correlation is quantified on the basis of the available data (Fig. 2, right),
and the best linear fit reads:

log M(56Ni) = −6.2295S − 0.8147 (3)

The correlation is such that the steeper the decline at the inflection point
the lower is the mass of 56Ni. Although the interpretation of this correlation
requires hydrodynamical modeling with different amounts of 56Ni and degrees
of mixing, it may well be that somehow the increase of the 56Ni mass in
SNe IIP ejecta favors the larger radiative diffusion times at the end of the
plateau and, therefore, a less steep transition from plateau to the radioactive
tail, or that the increase of the 56Ni mass is accompanied by the growth
of the degree of mixing which favors a less steep decline. This correlation
is interesting in the sense that, if confirmed, it will provide distance and
extinction independent estimates of the 56Ni mass in SNe IIP.

We construct then a “two−zone” model of the Hα luminosity in SN IIP to
explore the sensitivity of the Hα behavior to variation of model parameters.
The primary purpose of the upgraded model is to specify better the early
nebular phase compared to the previous version [2]. We found that if mass,
energy and mixing conditions do not vary strongly among SNe IIP (less
than factor 1.4) then with an accuracy better than 10% Hα luminosity is
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Fig. 3. The Hα luminosity evolution in different SN IIP. Models (solid lines) are
over plotted on the observational data dots.

proportional to 56Ni mass during the 200−400 days after explosion (for more
details see Elmhamdi et al. [4]). Hα luminosities are then used to derive 56Ni
masses of the SNe sample. This is done employing two approaches: first, using
the Hα light curve in SN 1987A as template and, second, applying the model
fitting (Fig. 3). Both approaches agree within 15% unless we are dealing
with extreme cases such as SN 1970G (type IIP/L) and the underluminous
SN 1997D. In both these cases we should possess additional information about
ejecta mass and energy to derive the 56Ni mass from Hα modeling. SN 1997D
is indeed a special case for which two scenarios have been argued, namely:
a small age scenario with a low ejecta mass (case “b” [3]) and a large age
option with high mass of the ejecta (case “a” [9]).

Worth noting is the simple approach of using Hα light curve of SN 1987A
as a template to estimate the 56Ni mass. The 56Ni mass values derived using
this method agree within 20% with those from the photometry, which thus
gives us confidence that Hα is a good indicator of the amount of 56Ni in
SNe IIP (Fig. 4). Simultaneously, this consistency suggests that parameters
of SNe IIP (mass, energy and mixing) are not very different. In fact this is
consistent with the uniformity of plateau luminosities and plateau lengths of
SNe IIP.

This simple approach is applied then for three SNe for which we have
late spectra but no photometry (SNe 1995ad, 1995V and 1995W), giving
reasonable values, and thus demonstrating the usefulness of the method [4].
Generally, the approach based upon Hα may be indispensable in cases, when
the photometry at the nebular epoch is absent, or when there is a problem
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Fig. 4. The correlation between the 56Ni mass derived from the Hα luminosity,
MNi(Hα), and that derived from the tail MV magnitude, MNi(V ). The dashed line
has a slope of unity. Clear deviation is seen for SN 1970G(SNP/L) and for the faint
event SN 1997D.

with subtraction of stellar background (SN IIP in the bulge, or in high redshift
galaxies).

On the one hand, the clustering of the points around two values of 56Ni
mass viz. 0.005 and 0.05 M� in Fig. 4 may result from poor statistical sam-
pling, or it may be a hint that a mechanism such as fall-back is an important
one in the evolution of the low-mass group.

The interesting correlations demonstrated in this class of objects point to
a high degree of homogeneity and this is encouraging for the use of type IIP
SNe as cosmological probes. Improved statistical samples and better sampled
data are however needed to have a firmer confirmation of these correlations.

These kinds of analyses demonstrate how large sample analyses in SNe
studies can provide robust results and correlations with their consequent
impact for our understanding of SNe physics.
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Summary. We examine effects of small-scale fluctuations with angle in the neu-
trino radiation in core-collapse supernova explosions. As the mode number of fluc-
tuations increases, the results approach those of spherical explosion. We conclude
that global anisotropy of the neutrino radiation is the most effective mechanism of
increasing the explosion energy when the total neutrino luminosity is given.

1 Introduction

It has turned out that most simulations of core-collapse supernova explo-
sions with spherical symmetry fail to produce a successful explosion [10]. In
addition, observations suggest that the ejecta of core-collapse supernova ex-
plosions are aspherical(e.g., [17]). These facts lead us to multidimensional
simulations. In 2-D and 3-D simulations [1, 2, 3, 4, 7, 9, 12, 13, 16], it has
been shown that multidimensional effects, such as convection inside the proto-
neutron star and convective overturn around the neutrino-heated region, in-
crease the explosion energy and can trigger a successful explosion [4, 7, 8].

When a proto-neutron star rotates, the neutrino flux is expected to be
enhanced along the rotational (polar) axis. Janka and Mönchmeyer [5, 6]
first discussed the possibility of aspherical neutrino emission from a rapidly
rotating inner core. They argued that a neutrino flux along the polar axis
might become three times greater than that on the equatorial plane.

Shimizu et al. [14, 16] proposed that the anisotropic neutrino radiation
should play a crucial role in the explosion mechanism itself. They carefully
investigated the effects of anisotropic neutrino radiation on the explosion
energy. They found that only a few percent enhancement in the neutrino
emission along the pole is sufficient to increase the explosion energy by a
large factor, and leads to a successful explosion. They also found that this
effect saturates around a certain degree of anisotropy. It should be noted
here that the assumed rotational velocity of the inner core is very different
between Janka et al. [5, 6] and Shimizu et al. [14, 16].

In the work of Shimizu et al. [16], they considered only a form of global
anisotropy; the maximum peak in the neutrino flux distribution was located
at the pole and the minimum at the equatorial plane. On the other hand,
Burrows et al. [1] have suggested that the neutrino flux can fluctuate with
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Fig. 1. Contour maps of the dimensionless entropy distribution and the velocity
fields for the three models; top left: nθ = 1 (model A1-T470) at t = 244ms, top
right: nθ = 3 (model A3-T470) at t = 254ms, bottom: nθ = 5 (model A5-T470) at
t = 252ms.

angle and time due to gravitational oscillation on the surface of the proto-
neutron star. In this work, we introduce such small-scale fluctuations in the
neutrino flux in our numerical code by modifying the angular distribution of
the neutrino flux. We aim to study the effects of these small-scale fluctuations
on the shock position, the explosion energy, and the asymmetric explosion.
Details are found in [11].

2 Numerical Code

We perform 2-D simulations by solving hydrodynamic equations in spherical
coordinates. A generalized Roe’s method is employed to solve the hydrody-
namic equations with general equations of state (EOSs). The details of our
numerical technique, together with the EOS and the initial condition used,
are described in the previous article [16]. In our study, we have improved
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Table 1. Simulated models

Model nθ c2

A1-T470 1 0.100
A3-T470 3 0.051
A5-T470 5 0.035

the numerical code of Shimizu et al. [16]; the cells in the θ-direction were
shifted by half of the cell size [15] in order to avoid a numerical error near the
pole, although the error was not serious for the investigation of the explosion
energy.

In the present work, the local neutrino flux is assumed to be [11]

lν(r, θ) =
7
16

σT 4
ν c1

(
1 + c2 cos2(nθθ)

) 1
r2

, (1)

where σ is the Boltzmann constant, and Tν is the temperature on the neutrino
sphere. In Eq. (1), nθ represents the number of waves in the θ-direction. The
case of nθ = 1 corresponds to the global anisotropy, namely, no fluctuation.
c2 is a parameter which is related to the degree of anisotropy in the neutrino
radiation. We see in Eq. (1) that the neutrino fluxes in the x (equatorial) and
z (polar) directions become lx ≡ lν(r, θ = 90◦) ∝ c1 and lz ≡ lν(r, θ = 0◦) ∝
c1(1 + c2), respectively. The degree of anisotropy lz/lx is then represented as

lz
lx

= 1 + c2. (2)

The value of c1 is calculated from c2 and nθ so as to adjust the total neutrino
luminosity to that in the spherical model at the same Tν .

It should be noted here that the amplitude of fluctuations in the neutrino
flux distribution for an observer far from the neutrino sphere and that on the
neutrino-emitting surface are different. When we observe the neutrino flux
far from the neutrino sphere, the local neutrino flux is seen as Eq. (1). On the
other hand, the neutrino flux on the neutrino-emitting surface has a profile
similar to Eq. (1) but the amplitude is different. In the latter, c2 is replaced
by a where a is a parameter which represents the degree of anisotropy of the
neutrino flux on the neutrino sphere. It is preferable that we compare the
results for the same value of a, since a is more directly related to explosion
dynamics. The value of c2, therefore, is calculated from a given a, depending
on nθ. Although it is difficult to calculate the exact relationship between c2

and a, we can estimate it by assuming that the strength of the neutrino flux
on the neutrino sphere is approximated by a profile of step function. This
makes it possible to relate the value of c2 to the value of a for each nθ. For
detail, see Madokoro et al. [11].

We set a = 0.31 in this work. This value of a is chosen in such a way
that the value of lz/lx for the global model (nθ = 1) becomes 1.10. The



312 Hideki Madokoro et al.

Fig. 2. Evolution of thermal and kinetic energy (Eth + Ekin), gravitational energy
(Egrav) and explosion energy (Eexpl) for the three models; solid line: nθ = 1, short-
dashed line: nθ = 3, long-dashed line: nθ = 5. For comparison, the result of the
spherical explosion at the same Tν is also plotted (dotted line).

values of c2 for each fluctuation model (nθ = 3, 5) are accordingly calculated.
These are summarized in Table 1. The neutrino temperature on the neutrino-
emitting surface Tν is assumed to be 4.70 MeV. In our simulation, we have
500 nonuniform radial zones which cover from 50 to 10000 km in radius. For
θ, we have 62 uniform angular zones from θ = 0◦ to θ = 90◦ with equatorial
symmetry for nθ = 1 and 3. Note that we use a double value of the angular
zones for nθ = 5, which is different from that used in [11].

3 Results

Fig. 1 depicts the contour maps of the dimensionless entropy [16] distribu-
tion with the velocity fields for the three models at t ∼ 250 ms after the
shock stall. The shock front is represented by the crowded contour lines at
r ∼ 2000−3000 km for the model A1-T470, r ∼ 1600−2200 km for the model
A3-T470, and r ∼ 1400 km for the model A5-T470. We see in Fig. 1 that the
shock front is largely distorted in a prolate form for the model A1-T470. This
is because the neutrino heating along the pole is more intensive than that on
the equatorial plane. Due to increased pressure in the locally heated matter
near the polar axis, the shock front along the pole is pushed up, resulting
in a prolate deformation. We find that the shock position becomes less ex-
tended than that of the global anisotropy, and the shock front approaches the
spherical shape when the mode number of fluctuation increases. This trend
is especially remarkable for the model A5-T470 in which the shock front is
almost spherical.
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Figure 2 shows the evolution of the explosion energy, as well as the ther-
mal, kinetic, and gravitational energies for the three models. The energy gain
for the case of nθ = 1 is the highest among others at all stages of the explo-
sion. It is also seen in Fig. 2 that the explosion energy decreases as the mode
number of fluctuations in the neutrino flux increases and finally approaches
that of the spherical explosion.

Thus, we found that there are remarkable differences in the explosion
energy depending on the mode number of the fluctuations. We also found
that larger number of modes in the fluctuations makes the result closer to
that of the spherical explosion. This is because any small-scale fluctuations
on the neutrino sphere are greatly averaged out when the neutrino emission is
observed far enough from the neutrino-emitting surface. Moreover, we found
that a certain broad space is needed to be heated by neutrinos to revive the
stalled shock wave rigorously and hence the global anisotropy (nθ = 1) is
the most effective to increase the explosion energy. These results support the
claim by Shimizu et al. [16].

4 Conclusion

We have investigated the effects of small-scale fluctuations in the neutrino
flux on the core-collapse supernova explosion. The profile of the neutrino
radiation field was specified taking its geometric effects into account. Since
the small-scale fluctuations are averaged out for radiative and hydrodynamic
reasons, the results of the fluctuation models become closer to that of the
spherical explosion. Consequently, the global anisotropy is the most effective
mechanism in increasing the explosion energy when Lν is given. This supports
the claim made by Shimizu et al. [16].
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Summary. We study a neutrino gas in equilibrium both at T = 0 and at finite
temperature. The neutrinos are assumed to be massive Dirac particles with two gen-
erations interacting with each other via neutral currents and with a background of
matter. We analyze the main properties of the neutrino eigenmodes in the medium,
such as effective masses and mixing angle.

1 Introduction

The neutrino behavior in matter is important in several astrophysical scenar-
ios, especially is the case of supernova explosions, where neutrino interactions
and oscillations can change the shock dynamics [4, 11, 14, 15, 16, 17, 18]. A
crucial ingredient in this scenario is the neutrino self- interaction [1, 3, 12, 20].
As it has been remarked, such interactions are non-diagonal in flavor space,
and give raise to new phenomena in the oscillatory behavior [5, 9, 10]. Here
we analyze in detail the equilibrium of a neutrino gas both at T = 0 and at
finite temperature. The neutrinos are supposed to be massive Dirac particles
with two generations, namely electron-neutrinos νe and muon-neutrinos νµ,
which are assumed to interact among them via neutral currents and with
a background of matter. This might be the situation for neutrinos in a su-
pernova inside the neutrino sphere, if self-interactions are effective enough
to reach the equilibrium, where we assume that the equilibrium is not only
thermal but also chemical between the two generations [2, 5]. To this end,
we use a method based on Wigner functions, which has been shown to be
appropriate to describe both the equilibrium and kinematics of many-particle
neutrino systems with mixing [19].

In this work neutrinos are treated as extremely relativistic particles of
positive helicity (antineutrinos of negative helicity), whose states of defined
momentum −→p are also of defined energy (or effective masses different of their
vacuum masses) i.e. what is called the “quasi-particle approximation.” We
make the assumption that the background of matter is electrically neutral
and consisting only of nucleons and electrons (ne = np).
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2 Hartree Approximation

First we treat the gas in the so-called “Hartree approximation,” i.e., without
taking into account the effects of the statistical correlations. At first, let us
suppose that we have only neutrinos which are interacting among them (with-
out a background of matter). In this case, starting from the general equation
of motion and imposing proper conditions, we obtain that the equation of
motion for the Wigner Function of neutrinos in equilibrium is [19]

(γp − M)F (p) =
GF

2
√

2

∫
d4kTr[γµ(1 − γ5)F (k)]γµ(1 − γ5)F (p), (1)

where GF is the Fermi constant, Mab is the mass matrix and F ab(p) the
Wigner Function for the neutrinos. Both of them have flavor indices in the
generation space, such that a, b = e, µ.

From this equation, and assuming that neutrinos basically consist on their
left-chirality projections, we can obtain a specific equation for neutrinos (with
negative helicity), where nν = n1 + n2 = nν̃1+ nν̃2 − nν̃1

− nν̃2
is the total

density of neutrinos (with p0 � |−→p | ) minus the corresponding antineutrino
density (with p0 � −|−→p | )

Let us now assume that, in addition to the self-interaction among the
neutrinos, we have an electrically neutral background of matter composed
by electrons and nucleons. In this case, the effective masses of neutrinos are
[6, 7, 19]

M2
1,2 = 1/2(Ac + Σ) ∓ 1/2(A2

c + ∆2)1/2 + An, (2)

where

Σ = m2
1 + m2

2

∆ = m2
1 − m2

2

Ac = 2
√

2GF |−→p |ne

An = 2
√

2GF |−→p |nν −√
2GF |−→p |nn (3)

being ne the number density of electrons (minus antielectrons) and nn the
number density of neutrons (minus antineutrons).

3 Corrections to the Hartree Approximation

The collective effects in the neutrino gas are brought in by means the statisti-
cal correlations, which modify the equation of motion of the Wigner Function
(or the left-quirality part FL(x)), which now becomes
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[γp −
√

2GF γa +
√

2GF

∫
d4qγFL(q)γ − M ]FL(p) = 0. (4)

where the four-vector a is defined as

aµ =
∫

d4kTrγµFL(k). (5)

Obviously, the third term of this equation provides us with an additional
correction to the corresponding equation in the Hartree approximation. After
some algebra, we arrive to the following expression for the effective masses
in the medium:

M∗2
1,2

(
p0

)
=

1
2

[
Σ + 2

√
2GF (3nν + ne − nn) p0

]
∓ 1

2
∆∗, (6)

where

∆∗ =
[(

2
√

2GF p0 (ne + δ) − ∆ cos 2θ0

)2

+
(
4
√

2GF p0n12 − ∆ sin 2θ0

)2
]1/2

(7)
is the effective mass difference. In Eq. (6) the upper (lower) sign corresponds
to M∗

1 (M∗
2 ) ,where Σ and ∆ have been defined in Eq. (3). The mixing angle

is now given by

sin 2θ =
∆ sin 2θ0 − 4

√
2GF p0n12

∆∗ . (8)

The quantities that appear in these equations are defined in the following
manner:

nνe
= 1

2π2

∫ ∞
0

d|q||q|2[c2f1(q) + s2f2(q)],

nνµ = 1
2π2

∫ ∞
0

d|q||q|2[s2f1(q) + c2f2(q)],

nν12 = 1
2π2

∫ ∞
0

d|q||q|2cs[f1(q) − f2(q)], (9)

where f1(q) and f2(q) are the Fermi statistical distribution functions for
each generation, corresponding to quasi-particles with well-defined effective
masses, and s and c are the sin and cos of the rotation angle θ which re-
lates the eigenstates of effective masses to flavor eigenstates. In this way, nνe

(nνµ
) is the number density of electron (muon) neutrinos and nν12 contains

interference effects. Analogously, we can define the number densities for an-
tineutrinos, so we have that n(e) = nνe

− n̄νe
is the net electron neutrino

number density, n(µ) = nνµ
− n̄νµ

is the net muon neutrino number density,
nν = n(e) + n(µ) is the total number neutrino density, n12 = nν12− n̄ν12 ,
and δ = n(e)−n(µ) is a statistical parameter of asymmetry between the two
flavors.
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The dispersion relation for neutrinos and antineutrino mass eigenstates,
can be written as:

p2 − M∗2
1,2

(
p0

)
= 0 (10)

and provides (as an implicit equation) the energy p0 as a function of the mo-
mentum |p|. As a first approximation, one can use the fact that, under most
situations of interest, neutrinos are extremely relativistic particles. Thus, for
neutrinos one can replace p0 by |p|. In this way, the above dispersion equation
can be approximately solved as:

p0 =
√

|p|2 + M∗2
1,2 (|p|) (11)

To obtain the corresponding formulae for antineutrinos we only have to
change |p| to −|p| in the two previous equations.

An interesting consequence of Eq. (8) is that the condition for the MSW
resonance is modified with respect to the situation where there is not a neu-
trino background. In fact, the condition for the resonance is now:

p0 =
∆ [(δ + ne) cos 2θ0 + 2n12 sin 2θ0]

2
√

2GF

[
(δ + ne)

2 + 4n2
12

] (12)

This new condition can be of interest if sin 2θ0 � 1, as suggested for both
solar and atmospheric neutrino oscillation values (for a review, see [8]). In this
case, the MSW resonance might be dominated by the neutrino background.

4 Low-Temperature Limit

Since the gas is in total equilibrium, the state is characterized by a single
chemical potential µ of the neutrinos, and the temperature T of the gas. Here
we treat, for the sake of simplicity, the low-temperature case (T/µ 	 1). In
this case, we can apply the “Sommerfeld expansion” in order to carry out the
Fermi integrals and calculate the thermodynamical variables of the system.
In this type of calculation, we have a series expansion in T/µ. Using this,
we can calculate the total neutrino density to the lowest order in T. In this
calculation we can neglect the antiparticles. The total density turns out to
be

nν = nνe
+ nνµ

= 1
2π2

∫ ∞
0

d|p||p|2[(f1(p) + f2(p)] �
2µ3−3

√
2GF µ2(ne−nn)+2π2µT 2−√

2π2GF (ne−nn)T 2

6π2+9
√

2GF µ2 , (13)

where we are using the high density approximation, in which the neutrino
vacuum masses are negligible as compared to the self-energies of the interac-
tion.



Neutrino Gas in Equilibrium with Self-Interaction 319

We can now calculate the variable δ of asymmetry starting from its def-
inition. We restrict ourselves to the value θ0 = π/4 and since we are in the
high-density limit, then one finds θ � 90o for the in-medium mixing angle,
and thus cos 2θ � −1. This implies that νe can be approximately identified
with ν2 (the heaviest eigenstate, according to our convention) and, similarly,
νµ corresponds to ν1. This identification can also be seen from the corre-
sponding distribution functions, Eq. (9). Since the mass difference is usually
very small (as compared to the chemical potential and temperature), we have

f1(p) � f2(p) (14)

which implies that

nν12 	 nνe
� nνµ

(15)

To illustrate this assertion, let us calculate the asymmetry parameter δ
for a low-temperature neutrino gas

δ = nνe
− nνµ

� − 1
2π2

∫ ∞
0

d|p||p|2[(f1(p) − f2(p)]

= − 3
√

2µ2GF ne+
√

2π2GF neT 2

6π2 (16)

Consider, for example, the core of a protoneutron star (see, for example,
[13]). For a density equal to the saturation density and an electron-to-baryon
fraction Ye = 0.3 one has ne = 1.1 × 108 MeV3. If the neutrino chemical
potential is µ = 100 MeV then the asymmetry density over the neutrino
number density is

δ/nν ∼ −GF ne

µ
∼ −2.6 × 10−5 (17)

in accordance with the above discussion.

5 Conclusions

In conclusion, we can say that to obtain more accurate results when treating
the neutrino gas, we have to consider the collective effects by including the
correlations, which, under the conditions assumed above, give a non-diagonal
term in the effective mass matrix. Therefore, in addition to a modification
in the effective masses of eigenstates, there is a change in the in-medium
mixing angle, as compared to the Hartree result. Also, the condition for the
MSW resonance (when a matter background is included) differs from the
usual MSW condition.

On the other hand, and considering the high-density case, the effective
mass difference is much larger than the vacuum difference, and one finds θ �
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90o for the in-medium mixing angle. Under these circumstances, the flavor
states can be approximately identified with mass eigenstates. Since both f1(p)
and f2(p) share the same chemical potential and the vacuum masses are
negligible one finds, in practice, that in equilibrium the two neutrino flavors
are mixed in the same proportion. In fact, the estimations we have presented
for typical values inside a supernova show that the flavor asymmetry δ is very
small.
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Summary. Supernova simulations to date have assumed that during core collapse
electron captures (EC) occur dominantly on free protons, while captures on heavy
nuclei are Pauli-blocked and are ignored. Using microscopic calculations we show
that the EC rates on heavy nuclei are large enough that, in contrast to previous
assumptions, electron capture on nuclei dominates over capture on free protons.
This leads to significant changes in core collapse simulations.

1 Introduction

Stars with masses exceeding roughly 10 M� reach a moment in their evolution
when their iron core provides no further source of nuclear energy generation.
At this time, the evolution in the core is determined by the competition of
gravity, that produces the collapse of the core, and the weak interaction,
that determines the rate at which electrons are captured and the rate at
which neutrinos are trapped during the collapse. As the density of the star’s
center increases electrons become more degenerate and their chemical poten-
tial grows. For sufficiently high values of the chemical potential electrons are
captured by nuclei producing neutrinos, which for densities � 1011 g cm−3,
freely escape from the star, removing energy and entropy from the core. Thus
entropy stays low during the collapse ensuring that nuclei dominate in the
composition over free nucleons.

Before the collapse sets in, during the presupernova stage, i.e. at core
densities � 1010 g cm−3, and proton-to-neutron ratios Ye � 0.42, nuclei with
A = 55− 65 dominate in the composition. The relevant rates for weak inter-
action processes were initially determined by Fuller, Fowler and Newman [4].
The rates have been recently improved based on modern data and state-of-
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Fig. 1. (left panel) Comparison of the electron capture rates on free protons and
selected nuclei as function of the electron chemical potential along a stellar collapse
trajectory. (right panel) The reaction rates for electron capture on protons (thin
line) and nuclei (thick line) are compared as a function of density along a stellar
collapse trajectory. The dashed lines (right scale) show the related average energy
of the neutrinos emitted by capture on nuclei and protons.

the-art shell-model calculations [13, 14]. Presupernova models utilizing these
improved weak rates are presented in [9, 10].

During collapse, i.e., at densities � 1010 g cm−3, temperatures and densi-
ties are high enough to ensure that nuclear statistical equilibrium is achieved.
Then, for sufficiently low entropies, the matter composition is dominated by
the nuclei with the largest binding energy for a given Ye. In current collapse
simulations a very simple description of electron capture on nuclei is used.
The rates are estimated using an independent particle model (IPM) that as-
sumes pure Gamow-Teller (GT) transitions [2]. In this model GT transitions
are Pauli-blocked for nuclei with N ≥ 40 and Z ≤ 40 [5, 6]. These nuclei
dominate the composition for densities larger than a few 1010 g cm−3. As a
result, electron capture on nuclei ceases at these densities and the capture is
entirely due to free protons. In the next section we will show that the em-
ployed model for electron capture on nuclei is incorrect, as Pauli-blocking of
the GT transitions is overcome once correlations [15] and temperature effects
are taken in account [3, 5, 6].

2 Electron Capture During Core Collapse

The residual nuclear interaction, beyond the IPM, mixes the pf shell with the
levels of the sdg shell, in particular, with the lowest orbital, g9/2. The presence
of configurations were more than a neutron is promoted from the pf shell into
the g9/2 orbit unblocks the GT transitions for nuclei with N ≥ 40. In addition,
during core collapse electron capture occurs at temperatures T � 0.8 MeV.
A model that is a able to describe both correlations and finite temperature
is then necessary for the calculation of the relevant rates. This model is the
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Fig. 2. Comparison of the evolution of several quantities at the center of a 15 M�.
The initial presupernova model was taken from [9, 10]. The thin line is a simulation
using the Bruenn parameterization [2] while the thick line uses the LMS rate set
(see text). Both models were calculated using a General Relativistic treatment of
gravity by the Garching collaboration.

shell model Monte Carlo (SMMC) [12] supplemented with calculations based
in the random phase approximation for the transition operators [16].

The left panel of Fig. 1 shows the electron capture rates for protons and
selected nuclei along a stellar trajectory taken from [18]. The electron chem-
ical potential, µe, and the reaction Q value are the two important energy
scales of the capture process. For the lowest densities the electron chemical
potential (µe ≈ 6 MeV for ρ = 5 × 109 g cm−3) is of the same order than
the typical nuclear Q value. Then, the electron capture rates on nuclei are
very sensitive to the Q-value and smaller than the rate on protons. For higher
densities the chemical potential grows much faster than the Q-value and the
rate becomes independent of the heavy nucleus. Due to the much smaller
Q-value, the electron capture rate on free protons is larger than the rates on
the abundant nuclei during the collapse. However, this is misleading as the
low entropy keeps the protons significantly less abundant than heavy nuclei.
The right panel of Fig. 1 shows that the reaction rate for electron capture on
heavy nuclei (Rh =

∑
i Yiλi, where the sum runs over all the nuclei present

and Yi denotes the number abundance of species i) dominates over the one
of protons (Rp = Ypλp) by roughly an order of magnitude throughout the
collapse, when the composition is considered.

Electron capture on nuclei and on free protons differ quite noticeably
in the neutrino spectra they generate. The right panel of Fig. 1 shows that
neutrinos produced by captures on nuclei have a mean energy 40–60% smaller
than those produced by captures on protons (mainly due to the larger Q-
value for capture on nuclei). Despite that, the total neutrino energy loss rate
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is larger when electron capture on nuclei is considered, caused by the increase
in the total (nuclei plus protons) electron capture rate.

3 Consequences for the Collapse

Simulations of core collapse require reaction rates for the electron capture
on protons, Rp, and heavy nuclei, Rh. While Rp is readily derived from [2],
the calculation of Rh requires knowledge of the nuclear composition, in addi-
tion to the electron capture rates described earlier. In order to compute the
needed abundances a Saha-like nuclear statistical equilibrium (NSE) is used
to calculate the needed abundances of individual isotopes, including coulomb
corrections to the nuclear binding energy [1, 11]. Coulomb corrections to the
electron capture rates themselves impose a reduction of a factor ∼ 2, that
doesn’t produce appreciable differences with the results obtained using un-
screened rates that are discussed below [17]. The combination of NSE abun-
dances with electron capture rates for around 200 nuclei with A = 45–112 was
used [16] to compute the rate of electron capture on nuclei and the emitted
neutrino spectra as a function of temperature, density, and electron fraction,
adequately covering the range until weak equilibrium during the collapse is
achieved. The range of validity is estimated to be ρ � 2 × 1012 g cm−3 and
T � 2 MeV. This rate set will be denoted LMS (Langanke, Mart́ınez-Pinedo,
and Sampaio) in the following. The rates for the inverse neutrino absorption
process are determined by detailed balance.

The consequences of this more realistic implementation of electron cap-
ture rates on heavy nuclei have been evaluated in independent self-consistent
neutrino radiation hydrodynamics simulations by the Oak Ridge and Garch-
ing Collaborations. The basis of these models is described in detail in [18, 19].
The results obtained by the Garching collaboration for the evolution of sev-
eral quantities at the center of a 15 M� star using the standard treatment of
Bruenn [2] and the new LMS rates for heavy nuclei are compared in Fig. 2.
With the improved treatment of electron capture rate on heavy nuclei the
total electron capture rate (heavy nuclei plus protons) is bigger than in the
Bruenn treatment resulting in a smaller Ye value and Ylepton. The right panel
shows that the energy emission rate by neutrinos is higher in the LMS treat-
ment resulting in a reduction of the central temperature and entropy (middle
panel). Notice however, that the average energy of the emitted neutrinos is
smaller in the LMS treatment due to the higher Q-values for electron capture
on nuclei (inset of the right panel).

Figure 3 shows the star profiles for several quantities obtained in collapse
simulations carried out by the Oak Ridge collaboration (similar results are
obtained by the Garching collaboration) at the moment when the central
density reaches 1014 g cm−3. In the inner regions of the star, the additional
electron capture on heavy nuclei results in more electron capture in the LMS
models that produce a reduction in Ye and a smaller central temperature.
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Fig. 3. The electron fraction, velocity, density and temperature as functions of
the enclosed mass at the moment when the center reaches nuclear matter densities
for the same 15 M� star as Fig. 2. The thin line is a simulation using the Bruenn
parameterization [2] while the thick line uses the LMS rate set (see text). Both
models were calculated using Newtonian gravity by the Oak Ridge collaboration.

In outer regions, where A < 65 nuclei dominate, the LMS models predict
less electron capture. This is so, because for these mass ranges the electron
capture rates of ref. [13, 14] are smaller than the ones used in the Bruenn
parameterization [2]. Due to the smaller electron capture rates, these regions
collapse more slowly so that the density and temperature are smaller in the
new models. The velocity distribution shows a displacement in the minimum,
which marks the eventual location of shock formation, by 0.1 M�.
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Summary. We present the current status of our construction of synthetic spectra
for type Ia supernovae. These properly take into account the effects of NLTE and an
adequate representation of line blocking and blanketing. The models are based on a
sophisticated atomic database. We show that the synthetic spectrum reproduces the
observed spectrum of ’normal’ SN-Ia near maximum light from the UV to the near-
IR. However, further improvements are necessary before truly quantitative analyses
of observed SN-Ia spectra can be performed. In particular, the inner boundary
condition has to be fundamentally modified. This is due to the dominance of electron
scattering over true absorption processes coupled with the flat density structure in
these objects.

1 Introduction

A detailed understanding of the physics and the explosion mechanism of
type Ia supernovae (SNe Ia) is essential to minimizing systematic errors of
cosmological parameters derived from the interpretation of SNe Ia obser-
vations. A key role in this context play realistic models of the expanding
atmospheres of SNe Ia which are based on the full non-equilibrium physics
involved, which link the results of current hydrodynamic explosion models
(see, e.g., [1, 9]) to the comprehensive observational data.

The spectra of SNe Ia contain useful information about the energetics of
the explosion – luminosity and velocity – and the nucleosynthesis, especially
in shells above the pseudo-photosphere, which are primarily observable in
early epochs. To gain access to this information several groups have started
to compute synthetic optical spectra for SNe Ia in the photospheric epoch
[2, 3, 5, 6]. So far, however, all use simplifying assumptions with uncertain
influence on the resulting spectrum. Realistic models for quantitative analysis
are still missing.

The main reason we still do not have realistic models is that the physical
conditions in expanding SN Ia-atmospheres – high radiation energy density
in a low matter density environment – make this modeling especially difficult.
Simplifying assumptions such as local thermodynamic equilibrium (LTE) are
invalid because radiative processes dominate over local collisional processes.
Thus, a realistic model requires at minimum a solution of the full non-LTE
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problem. Other difficulties arise because the ejecta do not contain significant
amounts of hydrogen or helium, elements that form the main contribution to
continuous opacity in other stellar objects. This causes a strong dominance
of line opacity over continuous opacity, which is further complicated by the
high expansion velocities of the ejecta (up to ∼ 30000 km s−1). Thus, thou-
sands of Doppler-shifted and -broadened spectral lines of low-ionized metal
atoms overlap and form a non-thermal “pseudo-continuum” with strong line-
blocking and line-blanketing effects.

Furthermore, the entire light emission is powered by γ-photons (and in
later times also positrons) originating from the decay of 56Ni → 56Co → 56Fe.
These γ-photons are redistributed to lower energies by scattering and ioniza-
tion events. They are unlikely to be thermalized – in best case only partially
– even within the pseudo-photosphere and the outer-most parts of the at-
mosphere because the density increases only moderately toward the center.
Recent explosion models predict that 56Ni can be present even at high ve-
locities [9]. This indicates the need for a consistent treatment of the energy
input within the atmosphere, which may significantly influence the emergent
spectrum. Also, the observed changes in the spectra with time as the photo-
sphere recedes into the ejecta show that the abundance of the elements varies
strongly with radius.

All these factors have to be taken into consideration to develop a realistic
radiative transfer model that allows a reliable quantitative analysis of SNe Ia.

In this paper, we describe the computation of synthetic spectra for SNe Ia
based on a consistent treatment of the full NLTE radiative transfer (see [10]).
This method will be used to test hydrodynamic explosion models against the
observations and will eventually provide a powerful tool for spectral diagnos-
tics of SNe Ia.

2 The Method

The basic approach for modeling supernova spectra is analogous to the treat-
ment of O-stars with expanding atmospheres because the physics involved
is similar in many respects. Our code development is based on a program
package which has proven to be very successful for the quantitative spectral
analysis of hot stars with radiation-driven winds [7, 8].

The models treat the expanding atmosphere as stationary and spherically
symmetric. The underlying density structure, velocity field, and composition
of the ejecta (averaged over angles) are provided by the explosion model.

The code provides a consistent solution of the radiative transfer and the
NLTE rate equations for the occupation numbers of the atomic levels. A
proper treatment of line blocking and blanketing effects is included. All sig-
nificant contributions to opacity and emissivity from bound-bound, bound-
free, and free-free transitions, as well as Thomson-scattering, are taken into
account – for this purpose we have compiled and computed a comprehensive
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atomic database involving accurate radiative and collisional ionization and
excitation cross-sections and atomic level energies of all important ions.

After each iteration cycle, the temperature for each radius point is deter-
mined by balancing all energy gains and losses to the gas – implementation
of the γ-photon deposition is currently under development; thus far, it is
only considered with the assumption that all deposition takes place below
the photosphere. Together with the use of the diffusion approximation at the
lower boundary this implies the assumption of a complete thermalization of
the γ-photons. The total luminosity (given by the amount of synthesized 56Ni
and the γ-deposition efficiency) is a parameter that is used to fit the shape
of an observed spectrum.

Finally, the emergent spectrum is given by the computed radiation field
at the outer boundary of the converged model.

3 First Results

Figure 1 (see [10]) compares the synthetic spectrum of a NLTE-model based
on the W7 explosion model [4] to the observed spectrum of SN 1992A. At first
glance the spectra seem to agree quite well. However, a closer look reveals a
few discrepancies: the model reproduces the UV and blue part of the observed
spectrum fairly well, but it fails to match the relatively steep decline toward
infrared bands. Additionally, the absorption features of the model that are
deeper than the observed may suggest that the peak fluxes are too large.

Thus, we cannot yet consider the models to be sufficient for quantitative
spectroscopy of SNe Ia. Relevant SN Ia physics, in particular the treatment of
the γ-deposition and a better analytical approach to the boundary condition
at the photosphere (see next section) still have to be included into the model.

4 Discussion and Conclusions

The enhanced fluxes of the model to the red of ∼ 4000 Å shown in Fig. 1 result
from the invalid assumption of a photosphere analogous to the atmospheres
of hot stars.

Various conditions in the ejecta contribute to the breakdown of the
diffusion-approximation at the lower boundary. For stellar atmospheres, the
diffusion limit for radiation is an excellent approximation as the conditions
deep in the photosphere are very close to LTE. This is because the opaci-
ties at all wavelengths are dominated by true processes: H and He provide
a strong bound-free continuum and free-free processes are supported by the
exponential density increase at the photosphere (see Fig. 2).

In SNe Ia, however, the opacity is dominated by electron scattering over
a large wavelength range, between the optical red and the radio band (see
Fig. 2) – the sources of true continuous opacity (free-free and bound-free) are
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Fig. 1. Synthetic spectrum for a SN Ia around maximum light based on the W7
explosion model with homogenized composition. For comparison, the observed spec-
trum of SN1992A is also plotted.

orders of magnitude smaller because the composition does not contain hydro-
gen and helium, and the density distribution is flat. The electron scattering
opacity, in contrast to true opacities, does not couple the radiation field to the
local temperature. As the flux at the inner boundary from the diffusion ap-
proximation is determined by the temperature gradient which is constrained
only by the true processes and does not consider scattering dominance. The
input flux at these wavelengths is overestimated. We note these conditions do
not change at larger optical depths. Moreover, the situation already occurs at
early epochs where the assumption of a photosphere is generally considered
to be a valid approximation.

These results show that the commonly used lower boundary condition
(i.e., analytical expressions based on the diffusion-approximation) is highly
problematic for SNe Ia. An inner boundary that correctly accounts for the
physical conditions is required in order to correctly solve for the radiation
field in SNe Ia.

Overall, the first results obtained with our method are encouraging. The
main spectral features of SN Ia spectra are well reproduced, indicating that
the underlying physics is correctly described. However, the results also show
that even at early epochs the SNe Ia envelopes are comparable neither to
the atmospheres of hot stars nor to gaseous nebula. Thus, the assumptions
usually made for these cases cannot be applied to the expanding envelopes of
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O star

SN Ia

Fig. 2. The contributions to the opacity in a stellar atmosphere (upper panel) and
a supernova (lower panel). Shown are the in both cases the Thomson-opacity χThom

(the grey straight line) and the true continuum opacity χcont (the dark solid line).
χtrue denotes the sum of the continuum opacity and the line opacity.

SNe Ia. In particular, a valid analytic approach to the boundary condition at
the inner radius of a scattering-dominated atmosphere has to be formulated.
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Summary. The propagation of cellularly stabilized thermonuclear flames is inves-
tigated by means of numerical simulations. In Type Ia supernova explosions the
corresponding burning regime establishes at scales below the Gibson length. The
cellular flame stabilization – which is a result of an interplay between the Landau-
Darrieus instability and a nonlinear stabilization mechanism – is studied for the
case of propagation into quiescent fuel as well as interaction with vortical fuel flows.
Our simulations indicate that in thermonuclear supernova explosions stable cellu-
lar flames develop around the Gibson scale and that a deflagration-to-detonation
transition is unlikely to be triggered from flame evolution effects here.

1 Introduction

The standard model of Type Ia supernovae (SNe Ia) describes these astro-
physical events as thermonuclear explosions of white dwarf (WD) stars [7].
In our study, we refer to the specific scenario (for a review on SN Ia explo-
sion models see [6]), where the WD consists of carbon and oxygen and the
thermonuclear reaction propagates in form of a flame that starts out in the so-
called “deflagration mode.” That is, the flame is mediated by microphysical
transport processes and its burning velocity is subsonic. One key ingredient in
such a SN Ia model is the determination of the effective propagation velocity
of the deflagration flame. The so-called “laminar burning speed,” sl, i.e. the
propagation velocity of a planar deflagration flame, is much too low (a few
percent of the sound speed in the unburned material) to explain powerful
SN Ia explosions. The solution to this problem is provided by the concept of
turbulent combustion. Instabilities on large scales result in the formation of
a turbulent cascade, where large-scale eddies decay into smaller ones thereby
transporting kinetic energy from large to small scales. Interaction of the flame
with those eddies wrinkles the flame front and enlarges its surface. This is
equivalent to an increase in the net fuel consumption rate and hence causes
an acceleration of the flame.

Recent SN Ia explosion models on scales of the WD could show that in
this way enough energy can be released to gravitationally unbind the star
[3, 12]. However, these models cannot resolve all relevant length scales down
to the flame width and therefore have to rely on assumptions on the physics
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on unresolved small scales. The goal of our small-scale simulations of the
propagation of the thermonuclear flame is to test those assumptions and
eventually to reveal new physics that additionally needs to be included in the
SN Ia models. The most significant assumptions of the large scale models by
Reinecke et al. (e.g., [12]) are that the energy input into the turbulent cascade
originate solely from large scales and the flame be stable on unresolved scales.

A fundamental feature of the turbulent cascade is that in a certain in-
termediate scale range, the turbulent velocity fluctuations decrease mono-
tonically with smaller length scales of the eddies. This is captured by the
corresponding scaling law. From that effect it is obvious, that there must
exist a cutoff scale, below which flame propagation is not affected by the
turbulent cascade anymore. Below this Gibson scale, the velocity fluctua-
tions are so small, that the flame burns faster through the eddies than they
can deform it. Thus the flame here propagates through “frozen turbulence.”
Our simulations aim on the study of effects around and below the Gibson
scale. Except for the very late stages of the SN Ia explosion, the Gibson scale
is well-separated from the width of the flame and the flame may safely be
regarded as a discontinuity between burnt and unburned material.

2 Theoretical Background

What are the effects that dominate flame propagation below the Gibson scale?
Here, two counteracting effects become important. The first is the Landau-
Darrieus (LD) instability [2, 9]. It is based on a hydrodynamical effect and
would completely prevent flame stability on the scales under consideration.
This would have drastic impact on SN Ia models. However, there exists a
second effect of purely geometrical origin [17], which balances the LD insta-
bility. Once the perturbations have grown to a critical size, former recesses
of the flame front will develop into cusps, which possess propagation veloci-
ties slightly exceeding the burning speed of the rest of the front. This effect
gives rise to a stable cellular shape of the flame. Therefore, the regime of
flame propagation that will be studied in the present contribution is termed
“cellular burning regime.”

In connection with SN Ia explosions, this burning regime was studied by
[1, 10] and [13] demonstrated its existence by means of a full hydrodynamical
simulation. The questions that arise here are: Can the cellular flame stabi-
lization break down under certain conditions (e.g., low fuel densities or in-
teraction with turbulent velocity fields)? If so, could the flame itself generate
turbulence on small scales (in contradiction to the assumption of large-scale
SN Ia models) and thereby actively accelerate? This conjecture was put for-
ward under the name active turbulent combustion by [11] on the basis of [8].
The questions are closely connected to the search for a mechanism providing
a deflagration-to-detonation transition (DDT) of the flame propagation mode
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Fig. 1. Flame propagation into quiescent fuel of a density of 5 × 107 g cm−3. Each
contour marks a time step of 3.3 × 10−3 s. The contours are shifted for better
visibility and the spacing between them does not reflect the flame velocity.

in the context of the delayed detonation model of SNe Ia. A detonation wave
is mediated by shocks and propagates with supersonic velocities.

3 Results of Numerical Simulations

In order to find answers to the above questions, we performed numerical
simulations of the flame propagation in two dimensions. For a description
and tests of the numerical implementation we refer the reader to [13, 16].
Our simulations addressed the flame propagation into quiescent fuel as well as
flame interaction with a vortical flow field. The simulations were performed on
an equidistant Cartesian grid. The flame was initialized in the computational
domain and perturbed in a sinusoidal way from its planar shape. To follow
the long-term flame evolution, we performed the simulations in a frame of
reference comoving with the flame. This was implemented by imposing an
inflow boundary condition ahead of the flame front and an outflow boundary
on the opposite side of the domain. Transverse to the direction of flame
propagation we applied periodic boundary conditions.

3.1 Flame Propagation into Quiescent Fuel

The first part of our investigations addressed the flame propagation into qui-
escent fuel. Here two stages of flame evolution are revealed. In the beginning,
the small sinusoidal perturbation imposed on the flame front increases due
to the LD instability. This part of flame evolution was studied in [13], were it
was shown that the growth rates observed in our simulations agree well with
the expectations from Landau’s linear stability analysis [9]. In the second,
nonlinear stage the flame stabilizes in a cellular pattern. The propagation of
a flame with an initial perturbation of 6 periods fitting into the domain is
plotted in Fig. 1.
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Fig. 2. Flame propagation into vortical fuel of a density of 5 × 107 g cm−3. (a)
v′/sl = 0.7; (b) v′/sl = 2.5. Each contour represents a time step of 8.0×10−4 s (a),
and 2.4× 10−3 s (b). Again, the contours are artificially shifted for better visibility.

The tendency of the small cells to merge in the nonlinear regime finally
stabilizing in a single domain-filling cusp-like structure is apparent here. This
result is consistent with semi-analytical studies of flame evolution [4].

3.2 Flame Propagation into Vortical Fuel

In SN Ia explosions, turbulent velocity fluctuations around the Gibson scale
can be expected and also relics from pre-ignition convection may contribute
to turbulent flows. In order to explore the effects of flame interaction with
such velocity fluctuations, we modified the inflow boundary condition to a
so-called “oscillating inflow condition,” which generates vortices by imposing
the following velocities at the boundary

vx = sl {−1 + v′ sin 2kπy cos 2kπ(x − tsl)}
vy = sl v

′ cos 2kπy sin 2kπ(x − tsl).

Here, the parameter v′ characterizes the strength of the imprinted velocity
fluctuations and k denotes the wavenumber of the oscillation. This produces
what is termed “square vortices” by [5].

The results of two of such simulations for different strengths of the square
vortices are plotted in Fig. 2.
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Although in case of weak vortices in the incoming flow there is some
interaction with the flame, the flame still shows the tendency to align in a
large-wavelength cellular structure (cf. Fig. 2a). This is similar to the case
of flame propagation into quiescent fuel. On the other hand, if the vortices
are strong enough, they can completely break up the cellular stabilization
and prevent the flame from evolving into a single domain-filling structure
(cf. Fig. 2b). However, we do not observe a drastic increase in flame surface
and thus flame propagation speed. The flame structure rather adapts to the
vortices imprinted on the fuel flow.

4 Conclusions

The presented simulations of flame propagation into quiescent fuel are in good
agreement with theoretical expectations. The linear stage of flame evolution
is consistent with Landau’s dispersion relation [9, 13] and in the nonlinear
regime the flame stabilizes in a cellular pattern. Thus, our hydrodynamical
model of flame evolution shows that the cellular burning regime exists for SN
Ia explosions.

Interaction of the flame with vortical flow fields may lead to a break-down
of cellular stabilization if the velocity fluctuations are sufficiently large. In this
case, however, the flame shows the tendency to adapt to the imprinted flow
field. Thus, we observe a moderate increase in the effective flame propagation
velocity but no drastic effects. No indication of active turbulent combustion
could be found. Therefore, it seems unlikely that effects around the Gibson
scale account for a DDT at late stages of the SN Ia explosion as has been
anticipated by [11]. More detailed discussions of flame propagation into qui-
escent fuel at different fuel densities and interaction with vortical flow fields
of varying strengths are currently in preparation [14, 15].
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16. F.K. Röpke: In: “On the Stability of Thermonuclear Flames in Type Ia Super-
nova Explosions.” Ph.D. Thesis (Technical University of Munich: 2003)

17. Ya.B. Zel’dovich: J. Appl. Mech. and Tech. Phys. 1, 68 (1966)



Explosion Models for Thermonuclear
Supernovae Resulting from Different
Ignition Conditions

Eduardo Bravo1,2 and Domingo Garćıa-Senz1,2
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Summary. We have explored in three dimensions the fate of a white dwarf of
mass of 1.38 M� as a function of different initial locations of carbon ignition,
with the aid of a SPH code. The calculated models cover a variety of possibilities
ranging from the simultaneous ignition of the central volume of the star to the
off-center ignition in multiple scattered spots. In the former case, the possibility of
a transition to a detonation when the mean density of the nuclear flame decreases
to ρ � 2 × 107 g cm−3 and its consequences are discussed. In the last case, the
dependence of the results as a function of the number of initial igniting spots and
the chance of some of these models to evolve to the pulsating delayed detonation
scenario are also outlined.

1 Statement of the Problem

The analysis of light curves of many Type Ia Supernovae (SNIa) indicates
that these events are not as homogeneous as one would desire to use them
as perfect standard candles. In fact, the inferred mass of Nickel ejected in
the explosion, estimated from the bolometric light curves [9], could range
within a factor of ten. From a theoretical point of view, there remain a num-
ber of fundamental issues to be solved before we can rely on the predictions
of SNIa modeling: pre-supernova evolution (progenitor systems, path of the
white dwarf up to the Chandrasekhar mass, ignition conditions), physics of
the explosion (subgrid-scale physics vs. large-scale combustion, flame behav-
ior at low densities, deflagration–detonation transition), role of rotation and
magnetic fields, etc.

Although one–dimensional (spherical) models of SNIa have succeeded to
explain a wide range of observational properties, these kind of models un-
avoidably rely on phenomenological descriptions of inherently multidimen-
sional processes. Among them, flame acceleration due to hydrodynamic in-
stabilities is of particular importance. Recent multi-dimensional (3D) simu-
lations of deflagrations in Chandrasekhar mass white dwarfs have shown that
the subsonic propagation of the burning front can release enough energy to
unbind the whole star and, maybe, can produce SNIa-like explosions [2, 8].
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Although the final test of these models will have to be done by comparing
self-consistent calculations of light curves and spectra (computed in three
dimensions) with observations, one can already wonder if there is any signif-
icant observational evidence of departure from spherical symmetry in SNIa.
In this respect, we note that: 1) Light curves are well described by a one-
parameter family of curves (e.g. [7]), 2) spectral absorption features by SiII
show quite homogeneous profiles from event to event [10], and 3) polarization
has not been detected in most SNIa, although there are a few exceptions [6].
Supernova remnants (SNR) provide another means to constrain the geome-
try of the explosions, although it depends also on the presence of interstellar
medium inhomogeneities and on the development of further hydrodynamic
instabilities. Still, some SNRs do not show large departures from spherical
symmetry (e.g. the blast wave of Tycho’s SNR), which implies that both
the supernova ejecta and the interstellar medium possessed a high degree of
symmetry in these cases (see also the paper by Badenes et al. in these pro-
ceedings). All these data point to approximately spherical explosions in which
the chemical inhomogeneities are constrained to small-size clumps (a quan-
titative criterion, proposed in [10], is that the area of the individual clumps
present at the photosphere has to be lower than 1− 10% of the photospheric
area).

Our aim here is to address the following questions:

– Are 3D simulations of thermonuclear supernovae able to cover the full
range of light curve variations (up to a 10× factor in 56Ni production)?

– How much the ejecta structure obtained in these simulations deviates
from spherical symmetry (overall shape, small-scale clumping)?

We present the results from 3D hydrodynamic simulations starting from dif-
ferent initial conditions. We have explored as well the possible outcomes from
deflagration–detonation transitions in 3D. It has to be stressed that all calcu-
lations were carried out consistently, i.e. using the same hydrocode [4], with
the same numerical resolution, the same physics, and simulating the whole
white dwarf volume to avoid the introduction of artificial and unrealistic
symmetry conditions.

2 Computed 3D Models, 56Ni Productivity
and Asymmetry

We have started from several ignition configurations, in which the carbon
runaway took place either in a central volume, slightly perturbed from spher-
ical symmetry, or in multiple scattered spots or “bubbles” [3]. In the second
case, we have explored the sensitivity of the results to questions like: How
many bubbles ignite simultaneously? Which are the sizes of the hot bubbles?
Both theoretical analysis [1] and 2D simulations [5] do not seem to favor the
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Table 1. List of 3D simulations performed

Model category Ignition configuration Ekin M(56Ni) M(C + O)
(1051 erg) (M�) (M�)

Deflagration Central volume 0.26 0.27 0.65
Deflagration 6 equal size bubbles - 0.21 -
Deflagration 7 equal size bubbles - 0.21 -
Deflagration 10 equal size bubbles 0.05 0.24 0.88
Deflagration 30 equal size bubbles 0.44 0.56 0.58
Deflagration 90 random size bubbles 0.45 0.58 0.58
Delayed detonation Transition where D > 2.5 0.75 0.54 0.39
Delayed detonation Transition in central layers 0.48 0.40 0.55
Delayed detonation Transition in medium layers 0.51 0.43 0.51
Delayed detonation Transition in external layers 0.33 0.32 0.65
Pulsating
reverse detonation 6 bubbles 0.89 0.35 0.22

formation of a large number of bubbles igniting in phase (i.e. of the same
size).

As for the deflagration–detonation transition, up to now there is no con-
vincing mechanism that could account for the acceleration of the burning
front up to supersonic velocities, so we have computed delayed detonation
models making use of several different algorithms for the initiation of the
detonation. In one case, we started the detonation in those points in which
the fractal dimension of the flame was larger than 2.5, while in the other
cases, the condition for detonation ignition was that the density were lower
than 2×107 g cm−3 and the particles to be detonated were selected according
to their radius. The initial deflagration phase of all the delayed detonation
models was coincident with the deflagration model given in the first row of
Table 1.

In Table 1, there are listed the models computed and the main results
of the simulations. In all cases, the ignition started when the white dwarf
central density reached 1.8 × 109 g cm−3, and the simulations used 250,000
identical mass particles (each particle was about the same mass as the Earth).
The third column in Table 1 gives the final kinetic energy, the fourth column
gives the ejected mass of 56Ni, and the fifth column gives the ejected mass of
unburned C and O.

As can be seen from Table 1, all the deflagration models gave a kinetic
energy too low to account for SNIa properties, with the exception of the
two simulations starting from a large number (> 30) of bubbles. It is a re-
markable result that the explosion properties resulting from these two models
were almost the same, even though they started from very different initial
conditions (in terms of number and sizes of hot bubbles). The results of these
two simulations were as well close to the ones given in [8], for comparable
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Fig. 1. Final distribution of unburned C-O in selected models. From left to right:
deflagration starting from a central volume, deflagration starting from 30 bubbles,
and delayed detonation initiated where the flame fractal dimension was D > 2.5.

initial conditions, which reinforces the reliability of the outcome we obtained.
However, in the deflagration scenario there always remains a large mass of
unburned C and O, which would undoubtedly have to be detectable in the
optical spectra of SNIa.

All our delayed detonation models gave healthy explosions with reason-
able kinetic energies and a wide range of 56Ni masses. If nature provided
a range of conditions for transition to detonation as wide as we have ex-
plored, the delayed detonation scenario would help to explain the diversity of
SNIa explosions observed. However, our 3D simulations have shown that the
delayed detonations are relatively inefficient in converting C and O to inter-
mediate mass elements or to iron peak elements (which is in sharp contrast
with 1D models of delayed detonations), which results in a lower velocity
range than expected. The ultimate reason for this behavior is the geome-
try of the distribution of fuel resulting from the previous deflagration stage.
Due to the unavoidable distortion of the flame front caused by hydrodynamic
instabilities during subsonic burning, the initial conditions for delayed det-
onation formation consist on large plumes of ashes coexisting at the same
radii with deep tongues of fuel (see Fig. 1). These plumes of ashes act as true
barriers obstructing the propagation of the detonation waves and, in fact,
decoupling large volumes occupied by C and O from other regions which can
hold propagating detonations.

To discuss the geometrical properties of the explosions, we will refer to
Fig. 1, in which we show the distributions of the ejected C–O in YZ slices.
None of the models displays an overall shape that departs largely from spher-
ical symmetry, although the distribution of chemical species presents irreg-
ularities of different sizes. However, the deflagration model starting from a
central volume (left image in Fig. 1) is the most asymmetric. This is due to
Rayleigh–Taylor instabilities during flame propagation, which favor the for-
mation of large–scale structures that stand out in the final geometry of the
ejecta. This configuration is in clear disagreement with the limits to the size
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of clumps given in [10]. In the case of deflagrations starting from hot bubbles,
the geometrical appearance of the ejecta retains a larger degree of spherical
symmetry, but still the chemical inhomogeneities represent a large fraction of
the radius of the star. We have estimated that, in the model starting from 30
bubbles (center image in Fig. 1), a typical clump size is ∼ 10% of the ejecta
radius, still too large.

Delayed detonations (right image in Fig. 1) are approximately spherical
in shape, and show only small clumps. We have estimated a typical clump
size of ∼ 4% of the ejecta radius in these kind of models. This could seem
a striking result, as the delayed detonations were computed starting from
the final configuration of the deflagration shown in the left image in Fig. 1.
The reason for this apparent contradiction is that the detonations were able
to destroy the large structures built up during the deflagration phase, thus
allowing the formation of only small-sized chemically differentiated clumps.

3 Discussion and a New SNIa Paradigm

To summarize, deflagrations computed in 3D produce large clumps, ejecta
with low kinetic energy, reasonable quantities of 56Ni, and too much un-
burned C–O (> 0.58 M�). On the other hand, multidimensional delayed
detonations produce smaller clumps, although they are not as efficient as
their 1D counterparts at rising the kinetic energy (< 0.75 × 1051 erg) nor at
burning C and O (M(C − O) > 0.39 M�). In addition, we have seen that
deflagrations starting from a reasonable number of bubbles (< 6− 10) fail to
unbind the white dwarf, which brings us to the following question: What is
the fate of the white dwarf following explosion failure?

We have followed the evolution of the star during the first pulsation with
the 3D SPH code. What came out from this multidimensional calculation was
in fact quite different from what is obtained in 1D pulsating models. Due to
the ability of bubbles to float to large radii in 3D, most of the thermal and
kinetic energy resided in the outer parts of the structure, which resulted in
an early stabilization of the central region (mostly made of C and O, i.e.
fuel) while the outer layers were still in expansion. Few seconds later, an
accretion shock formed at the border of the central nearly hydrostatic core
(whose mass was about 0.9 M�). Therefore, the temperature at the border
of the core increased to nearly 109 K, on a material composed mainly by
fuel but with a non-negligible amount of hot ashes, thus giving rise to a
highly explosive scenario. If a detonation were ignited at this point, it would
probably propagate all the way inwards through the core, burning most of it
and producing an energetic explosion. We have called this new paradigm of
SNIa explosion mechanism the Pulsating Reverse Detonation. Currently, we
are in the process of completing the 3D calculation of its detonating phase.
As a first evaluation of what one can expect from this new scenario, we have
computed a 1D model (last row in Table 1), which ended with the largest
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kinetic energy, and the lowest mass of C and O from all the set of models we
have computed in 3D up to now. It turns out that it is worth following the
evolution of this scenario in 3D to see if it can derive in a new reliable and
competitive model of SNIa.
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Snapshotplate 1. (Top) Students relax between sessions; (Middle) Museo de las
Ciencias Pŕıncipe Felipe; (Bottom; left to right) C. Pollas, J. Maza, R. Evans, D.
Tsvetkov, B. Schmidt, A. Filippenko, W. Li.



Snapshotplate 2. (Top; left to right) J. Marcaide, R. Evans, F. Garćıa; (Middle;
left to right) R. Evans, J. Marcaide, M. Rees; (Bottom; left to right) M. Rees, I.
Marchite.



Snapshotplate 3. (Top) A session in progress; (Middle; left to right) M. Bieten-
holz, A. Alberdi; (Bottom; left to right) R. Chevalier, A. Filippenko.



Snapshotplate 4. (Top) Poster viewing; (Middle) Concentration is needed!; (Bot-
tom; left to right) J. Maza, R. Evans.



Snapshotplate 5. (Top; left to right) M. Pérez-Torrez, A. Alberdi, J. Guirado, E.
Ros; (Middle; left to right) E. Berger, A. Soderberg; (Bottom) W. Hillebrandt.



Snapshotplate 6. (Middle; left to right) R. McCray, M. Rees, R. Chevalier, B.
Schmidt, K. Weiler, J. Marcaide; (Middle; left to right) K. Weiler, J. Marcaide, R.
Chevalier, M. Rees, R. McCray, B. Schmidt, J. Guirado; (Bottom; left to right) R.
Chevalier, K. Weiler, R. McCray, B. Schmidt, M. Rees, J. Marcaide.



Snapshotplate 7. (Middle; left to right) Students from Valencia; (Middle; left to
right) M. Hamuy, M. Pérez-Torres; (Bottom; left to right) J. Marcaide, K. Weiler.
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Summary. The statistics of SN discoveries is used to reveal selection biases of
past and current SN searches and to gain insight on the progenitor scenarios for
the different SN types. We also report estimates of the SN rate per unit mass in
galaxies of different types and on the first attempts to study the evolution of the
supernova rate with redshift.

1 Counting Supernovae

Event statistics is an invaluable tool to link the different supernova types to
their parent stellar populations and in turn to assess the consistency of the
possible progenitor scenarios. Since the early days of SN research, the simple
observation that type Ia SNe are found in all type of galaxies, including
ellipticals where star formation ceased long time ago, is used to deduce that
their progenitors must be low mass, long lived stars. Today the standard
scenario for type Ia calls for an accreting white dwarf in a close binary system
which explodes when it reaches the Chandrasekhar mass. However, the real
nature of the progenitor system has not yet been identified and the different
candidates, e.g., double degenerate or single degenerate, have still to pass the
basic test of the occurrence statistics [14].

Type II and Ib/c SNe are believed to be the outcomes of the core collapse
of stars with mass larger than 8−9 M�. Different sub-types have been related
to progenitors with different initial masses and/or metallicities [10]. Since
only for a few events it has been possible to collect direct informations on
the progenitors [19], one of the basic tool of investigation remains the event
statistics in systems with different stellar populations.

It is fair to say that the new interest for SNe in the last few years has
been driven not just by the wish to understand their physical properties but
mainly by their role as cosmological probes, in particular the use of type
Ia to measure the geometry of the Universe. In addition, we believe that
measurements of the SN rates as a function of redshift is an attractive tool
to recover the history of the star formation rate with the cosmic age [1, 18].
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Fig. 1. Distribution of the apparent magnitude for the nearby SNe (recession
velocity vhel < 1200 km s−1) discovered in two periods: the last decade (1993–2002)
and the preceding twenty years (1973–1992).

2 SN Searches

At a rate of a few hundred new SNe discovered each year, the number of
known SNe doubled in the last 5 years for a total count of over 2500 events1.
Yet, the discovery rate of bright events, those < 15mag at discovery, remains
more or less constant, at about 10 SN/year. This may appear to confirm the
common assumption that in modern time, say after 1970, all the SNe which
exploded in the local Universe were discovered [21]. However, although most
of the faint SNe discovered in the last decade are distant events, there is also
a significant contribution for nearby SNe. This can be seen in Fig. 1 where we
compare the apparent magnitude distribution of the SNe discovered in the
local Universe (vhel < 1200 km s−1) in two different periods, the last decade
and the twenty years before. It turns out that the discovery rate in nearby
galaxies is today almost a factor 2 larger than in the past and that the average
apparent magnitude at discovery is about 1 mag fainter.

It is important to stress that among the faint, nearby events there are not
only those SNe that, due to seasonal observational limitations, were discov-
ered long after maximum, but also highly extinguished events (e.g., SN 2002cv
[6]) and intrinsically faint SNe (e.g., SN 1997D [22]).

The presence of such bias explains why the absolute value of the SN rate
cannot be derived from the general list of SNe but instead through a detailed
1 See http://www.pd.astro.it/supern/snean.txt for an up-to-date version of The

Asiago SN Catalogue.[2]
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analysis of the data of an individual SN search, for which actual limits and
biases can be carefully accounted for.

The main problem, when considering the data of an individual SN search,
is that the statistics is not very large, especially when considering less frequent
SN types. Therefore the analysis of the relative SN rates from the general list
can still be of interest. In Fig. 2 we report, in a separate panel for each of the
three main SN type (Ia, II and Ib/c), the SN counts as a function of galaxy
type. It results that the discovery rate of type Ia SN appears more or less
independent on galaxy type, while the core collapse SN rate rapidly increases
from early to late type spirals. The latter gives a very close match of the
current estimates of the star formation rate in galaxies of different type (cf.
Fig.3 in [11]) and directly reflects the fact that SN II derive from massive,
short lived progenitors. An intriguing feature which is seen in Fig. 2 is the
spike for type Ib/c SNe in Sc galaxies which, because of a similar peak in the
star formation rate, suggests that, in the average, their progenitors are more
massive than those of normal type II SNe. We should note that this effect
seems to be washed-out when using, instead of the RC3 galaxy classification
system as in the Asiago SN catalogue, the DDO system [23].

Because of the peak of the SFR, the ratio of the events in Sc galaxies
compared to the total counts for a given SN type can be used to rank the
SN types according to their progenitor masses. This ratio results 12 ± 1%
for type Ia, 19 ± 2% for type II and 34 ± 6% for type Ib/c which gives the
same indication of Fig. 2 in a different form and can be used as reference to
derive some hints for less frequent SN sub-types. For instance, we found that
the same ratio for type IIn is 24 ± 6% which suggests that these SNe have
in average the same progenitor mass, or maybe even somewhat higher, than
normal type II. This has become interesting after the discovery of SN 2002ic
[9], a SN Ia showing evidence of interaction with a dense H envelope and, at
late time, developing a spectrum very similar to that of some type IIn like SN
1997cy. That this is the most common channel for type IIn is not consistent
with the fact that their progenitors, in the average, seems to be massive (cf.
[23]).

Another example is that of faint type II SNe [22]. These low energy explo-
sions delivering one order of magnitude less Ni that normal type II have been
related to the formation of a black hole rather than to a neutron star. This is
attributed to their progenitors being more massive than those of normal SNII
[16, 24] and it is consistent with the fact that out of 10 events, 5 occurred in
Sc galaxies.

3 SN Rates

As we mentioned before, the absolute value of the SN rates requires that the
detection efficiency and selection biases of individual SN searches are accu-
rately estimated. At the same time, it is important to maintain a sufficient
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Fig. 2. SN counts for galaxies of different morphological type for the three main
SN types, normalized to the fraction of galaxy of the given type as derived from
the RC3 galaxy catalog [5]. Only SNe at redshift z < 0.05 have been included. In
the upper panel the shaded area are type Ia SNe only.

statistics for SN events which, especially in the past, was not achievable us-
ing one search alone. An obvious solution is to pool the data from a few
systematic SN searches as in [4]. Somewhat surprisingly, these most signifi-
cant results still rely on photographic and/or visual SN searches, while the
modern, systematic CCD SN searches have still to be exploited.

One of the main uncertainties on the current estimate of the SN rates is
the bias against SN detection in spiral galaxies which are not seen face-on.
Likely, this is due to the fact that the larger optical depth trough the dust, and
hence the higher extinction, makes the average SN in inclined spirals fainter
that in face-on ones. It is often claimed that the effect was only important
for photographic surveys whereas modern CCD searches, due to the better
spectral sensitivity in the red, are less affected. Although this is certainly
true, the inclination effect does remain important. This is shown in Fig.3,
where the SN discovery counts in spiral galaxies of different inclination are
compared for different grouping of galaxy and SN types. Only SNe discovered
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Fig. 3. SN counts in spiral galaxies of different inclinations (0 deg is for face-on
galaxies) normalized to the fraction of galaxies in each bin of inclination as given in
the RC3. In the left panel we show separately early and late type spirals, whereas
in the right panel we distinguish core collapse (II+Ib/c) from thermonuclear (Ia)
Supernovae. Only the SNe discovered after 1998 have been included.

in the last 5 years, hence mainly in systematic CCD searches, have been
included. It turns out that taking as reference the discovery rate in face-on
spirals (i < 30◦), even in the present day SN searches we are missing half
of the type Ia and 2/3 of the core collapse SNe occuring in edge-on spirals
(i > 60◦). We stress that although it may occur that in some SN searches
face-on galaxies are monitored more frequently, it is not expected that this
depends on galaxy or SN type.

After Tammann [20], the rate of SNe is usually normalized to the galaxy
blue luminosity (SNu = SN10−10LB

� 10−2yr). This is convenient because a)
the luminosity can easily be measured for large galaxy samples and b) the SN
rate has been found to be proportional to the galaxy luminosity. However,
while interpreting the results, it has to be taken into account that there
are different contributors to a galaxy blue luminosity depending on its stellar
population mixture. Indeed it is well know that the mass to light ratio (M/L)
changes by one order of magnitude along the Hubble galaxy sequence. We
can convert SN rate per unit luminosity to SN rate per unit mass assuming
an average M/L for each galaxy type [7]. The results are reported in Table 1.

It is known been that for SN Ia the rate per unit luminosity remains
almost constant moving from ellipticals to spirals. On the other side as it can
be seen from Table 1, because M/L is lower, the rate of SNIa per unit mass
in late spirals is almost 3 times higher than in ellipticals. This implies that
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Table 1. SN rate per unit mass [10−11M� 10−2yr × (H/75)2].

galaxy SN rate
type Ia Ib/c II All

E-S0 0.16 ± 0.03 < 0.01 0.16 ± 0.03
S0a-Sb 0.29 ± 0.07 0.16 ± 0.07 0.69 ± 0.17 1.14 ± 0.20
Sbc-Sd 0.46 ± 0.10 0.30 ± 0.11 1.89 ± 0.34 2.65 ± 0.37
All 0.27 ± 0.03 0.11 ± 0.03 0.53 ± 0.07 0.91 ± 0.08

a fraction of SN Ia in spirals must be related to a relatively young stellar
population.

Because of the short time scale of evolution of massive stars, the core
collapse (II+Ib/c) SN rate can be translated in the present time star forma-
tion rate if we know the initial mass function and the mass range of core
collapse progenitors. Assuming a Saltpeter mass function (with index 1.35)
and choosing 8 and 40 M� for the lower and upper limits of core collapse
progenitor masses, from the measured core-collapse SN rates we derive than
in a 1011 M� Sbc-Sd galaxy of the local Universe the star formation rate is
1.8 M� yr−1, in S0a-Sb is 0.7 M� yr−1, whereas for E-S0 we derive an upper
limit of 0.01 M� yr−1. These numbers strongly depend on the lower mass
limit for core collapse progenitors which is not well known. For instance if we
take for the latter 10 M� the estimate of the star formation rates increases
by ∼ 40%.

4 Evolution of the SN Rate with Redshift

Estimates of the supernova rate, in particular that of core collapse SNe at
different redshifts can be used to recover the history of star formation with
cosmic age. Conversely, if the latter is known, it is possible to constrain
the SN progenitor scenario which is especially important for type Ia which
has not yet been firmly established. Despite of these prospectives, very few
observational estimates have been published to date and all rely on the major
efforts devoted to the search of type Ia to be used as cosmological distance
indicators. This means that a) only type Ia rate have been measured and
b) the search strategy introduces severe biases. In particular, to allow for
accurate photometry, the candidates found in the galaxy inner regions and/or
in bright galaxies are usually rejected.

A further concern is that little is known about the properties of the galaxy
sample. Among other things, this makes impossible to verify the presence of a
spiral inclination effect such as in the local Universe. We stress that although
high redshift SN searches are usually performed in the red (R or I band), the
host galaxy extinction occurs in the SN rest frame wavelength (ie. B or V for
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z ∼ 0.5). Therefore if in galaxies at z ∼ 0.5 the dust content and properties
are the same as in the local Universe, we expect similar biases.

The few available estimates seem to indicate an evolution of the type Ia
SN rate with redshift. At z = 0.55 the measured value is 0.33+0.06

−0.05(H/75)2

SNu [15] to be compared with the local estimate (not corrected for host galaxy
inclination) of 0.14 ± 0.04(H/75)2 [4]. Taken as a face value, this indicates a
very rapid increase of the SN Ia rate. However, due to the large uncertainty,
this is still consistent with the current scenario of galaxy and SN Ia progenitor
system evolution [12].

In the last few years we started a long term project which is especially de-
signed to measure SN rates and to overcome some of the previous limitations.
In particular we try to:

1. reduce as much as possible the candidate selection biases. Indeed we do
count candidates in the galaxy nuclear region (but we try to reduce the
contamination from variable AGN using the long term variability history
of the source).

2. count both type Ia and core collapse SNe. Core collapse SN rate can be
used to constraints the star formation rate at the given redshift. Besides,
relative SN rates have smaller systematic errors than absolute values.

3. use photometric redshift to characterize the galaxy sample

The first results of this program are now becoming available [1] and indi-
cate that the rate of core collapse SNe is increasing at a faster pace than SN
Ia. In particular we found evidence that the star formation rate a z = 0.30
is a factor 3 higher than in the local Universe. Although this is a prelimi-
nary result it confirms similar finding based on the measurements of the Hα
emission from galaxies at the same redshift [8]. The coming in operation of
new wide field telescopes (e.g., VST+OmegaCAM [3, 13] and LBT+LBC [17]
will give the chance to strongly improve the statistics and to probe different
redshifts.
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Summary. Optical searches can detect supernovae (SNe) only if they suffer of
a limited amount of dust extinction. This is a severe limitation as most of the
core-collapse SNe could explode inside dusty regions. We describe a few ongoing
projects aimed at detecting dusty SNe at near-IR wavelengths both in ground-based
and HST images and to study their properties.

1 The Problem

Supernovae (SNe) exploding inside dusty regions could dominate, even by a
large amount, the number of core-collapse events in the universe, as most of
the star-forming activity is hidden by dust. Nevertheless, centuries of optical
searches have discovered only very few SNe in dusty regions and no very
obscured event.

This is clearly a selection effect, and infrared or radio observations are
needed to reveal highly obscured SNe. Events detected at these long wave-
lengths can be used to study the properties of the SNe in dusty galaxies, and
to obtain a complete estimate of the total SN rate in the local universe, im-
portant to calibrate the SN rate at high redshift now under study. In principle
the number of events could also be used to derive information on the main
energy source (starburst vs. AGN) of the galaxies when they are dominated
by a hidden central source, as for the Luminous Infrared Galaxies (LIRGS).

2 Optical vs. Near-Infrared

The observed rates of the core-collapse SNe, when derived from optical ob-
servations and normalized to the B luminosity of the galaxy, don’t show any
significant dependence on the galaxy type. Normal galaxies between Sa and
Sm [1], starburst galaxies [8], galaxies with an active nuclei [1], and inter-
acting galaxies [7], all show the same SN rate of about 1 in SN units SNu
(number of SNe per century per 1010 solar luminosities in the B band).
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This is a puzzling result. When a new episode of star formation starts
in an old galaxy, both the B luminosity and the SN rate increase (if the
obscuration by the dust is neglected) but the SN rate expressed in SNu is
not expected to remain constant. The SN rate, barely contaminated by the
underlying old population, is expected to show a sharper increase and evolve
on different time scales. As a result the constancy of the SN rate cannot be
explained by dust-free models of galaxy evolution.

Large amount of dust are always present in starburst galaxies, effecting
both the B luminosity and the SN rate. Extinctions of AV ∼ 10 are often
found, preventing the detection of SNe by optical observations. It is therefore
crucial to use radio or infrared observation to derived a more complete view
of the SN events. Already in the near-infrared, at 2 µm of wavelength, dust
extinction is much reduced, being about 1/10 of that in V.

When dealing with dusty active galaxies, the normalization based on the
B luminosity has no clear meaning as this band is produced by both the old
and new populations and is absorbed by the dust. In this case we prefer to use
the “far infrared SN unit” SNuIR, define as the number of SNe per century
per 1010 solar luminosities in the Far Infrared (FIR). This normalization is
more meaningful as the FIR luminosity is proportional to the current Star-
Formation Rate (SFR). It is actually possible to predict the number of expect
SN from the FIR luminosity [5, 6]. This prediction depends on several factors,
as the radio properties of the SN (used to estimate the intrinsic SN rate in
nearby galaxies), the relation between SFR and FIR luminosity, the Initial
Mass function (IMF), the presence of an AGN. The number of detected SN
can also be used to constrain these parameters.

3 The Ground-based Observations

Several groups have completed or started near-IR SN searches (see [2, 6, 9]
and the SWIRT project web site1), but these works produced only two detec-
tions and no spectroscopic follow-up. The reason of these negative results are
probably due to a combination of low spatial resolution, limited field-of-view,
low sensitivity and small number of expected events.

Our campaign started in 1999. Observations up to 2001 are described in
[5], while in this contribution we present the updated results up to summer
2003. The galaxies were selected to have large FIR luminosities, between
2× 1011L� and 2× 1012L�, corresponding to about 0.3−3 expected SNe per
year per galaxy. Such high expected rates were chosen to assure significant
statistical results even in a short period of time. The distances are below 200
Mpc, assuring enough sensitivity and resolution to detect point sources over
the bright galaxy background. We monitored 47 starburst galaxies in the K
band (2.2µm) mainly by using 4m class telescope in sites of good seeing,

1 http://www.te.astro.it/attivitascientifica/telescopi/azt24/swirt eng.html
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the TNG in La Palma and the NTT at La Silla. Some observations were
also obtained by the University of Arizona 61 inch telescope. In 2002 and
2003 we obtained 50 new images, mainly with the NTT. The total number
of observations is now 304, with an average number of 6.5 observations per
galaxy. A sample of less distant, less luminous galaxies were also monitored
with the TIRGO 1.5m telescope. The results will be discussed in a different
paper (Cresci et al., in preparation).

The various images of the same galaxy were carefully aligned, scaled to
the same flux, reduced to the same PSF and subtracted. Typical limiting
magnitudes were K∼17 on the nucleus and K∼19 at distances larger that
about 1 arcsec.

These observations produced the detection of 4 events, the first significant
sample of events detected in the near-infrared. For one event, SN2001db [3],
we also obtain a spectroscopic follow-up: this event is a type II SN discovered
after maximum light. The extinction, measured by the Hβ/Hα and Brα/Hα
line ratios [4] is AV ∼ 5.6. As expected, this one was the SN with the highest
extinction known at that time.

Obtaining an infrared SN rate from the data is not straightforward and
is subject to large uncertainties: this is due to the small number of detected
events, to the variability of the properties of core-collapse SNe in the near-IR
and to the dependence of the detection limit on the distance from the galaxy
nucleus. Using the same hypothesis of [5] we derive an expected number of
55 SNe if they are all out of the nucleus and 16 if they are in the central
arcsec. Reducing these numbers to the observed 4 events imply extinctions of
AV = 33 and AV = 10, respectively. The measured SN rate SNNIR

r , assuming
that 80% of the SNe explode in the nucleus (see [5]), is 0.40 SNuIR.

These limits are already quite high and are based on 4 years of (sparse)
observations. To do better it is necessary to use instruments with higher
sensitivity to point sources, as the HST.

4 Archive HST Observations

The NICMOS camera on the HST is an ideal instrument to look for SNe in
the near-infrared. Its resolution is a few times higher than from the ground
under average seeing, and the PSF is much more stable allowing for a better
subtraction even near the bright galactic nucleus.

Most nearby starburst galaxies were already observed with this camera.
Unfortunately, the HST target selection policy does not usually allow for du-
plicate observations of the same object with the same instrument setting. As
a consequence, only very few archive data can be used to look for variability.

In a pilot study, we have searched the NICMOS archive for repeated
observations of starburst galaxies with a long time span. We found 4 ob-
jects: NGC34, NGC5256, Arp200 and NGC6240. For NGC34 and Arp220 a
narrow-band filter image was acquired a few months after the corresponding
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Fig. 1. Left panel: NICMOS image of the nucleus of NGC3690 in the F160W filter
taken in Aug 2003; center panel: residuals with an image taken in 1997 with the
same instrument setting; a fraction of less then 0.3% of the flux in the central
arcsec (H∼ 13.6) remains in the residual image. Right panel: a simulated SN with
magnitude H = 19.5 is added to show the residual noise level and the NICMOS
detection power. The circle is 1 arcsec of diameter.

broad-band one. In this case each pixel of the broad-band image can be
“scaled” to the other bandpass by interpolation over the observed broad-
band colors. NGC5356 was observed twice with the same F160W filter but
with a different camera. NGC6240 was observed twice in the same broad-
band filter and camera, probably because of problems with the PSF of the
first observation. All the images have short exposure times, up to 4 minutes:
nevertheless the resulting limit magnitudes are between H = 18.8 and 21.0.
The nuclear region where the residuals of the subtraction are large is con-
fined in the central 0.3 arcsec, but we expect to reduce it when the same
instrument setting is used.

Despite the limited sample of only 4 objects, the small number of observa-
tions and the far than ideal instrument settings, the galaxies should produce
about 5 observable SNe given their FIR luminosities, the time span of the
observations and limit magnitudes. Despite of these expectations, no SN was
detected. Also in this case we attribute this lack of detection to the presence
of high extinctions, but the limits are less stringent.

5 Incoming HST and VLA Observations

In order to obtain more useful data, recently an HST proposal by our group
was approved for cycle 12. The aim of the proposal is to obtain second epoch
images of a sample of 37 nearby starburst galaxies already observed by NIC-
MOS in the F160W filter. This “snapshot” program is already active and at
the moment of writing the first galaxy was already observed (see Fig. 1). If
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all the galaxies will be observed, we expect to detect up to 50 SNe, value cor-
responding to no extinction. Even if all SNe suffer an extinction of AV = 30
we would still expect to detect 8 SNe. Therefore we are looking forward to
these observations.

All the detected objects will be observed spectroscopically. Any event de-
tected in galaxies within 100 Mpc will be observed by VLA: in these starburst
galaxies we expect to find SNe with peculiar radio properties, as the emission
of the core-collapse SN at these wavelength is dominated by the interaction
of the ejecta with the circumstellar medium. The radio properties of these
SNe can be used to derive the density and the structure of the circumstellar
medium and the details of the late stages of the presupernova stellar evo-
lution. Comparison with the existing radio SN models will also test their
validity in a wider range of physical conditions than previously available.
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Summary. An analysis of type Ia supernova (SNIa) events in early type galaxies
from the Cappellaro et al. [6] database provides strong evidence that the rate of
type Ia supernovae (SNe) in radio-loud galaxies is about 4 times higher than the
rate measured in radio-quiet galaxies, i.e. SNIa-rate(radio-loud)=0.41+0.13

−0.14 h2
75 SNe

per century and per 1010LB
� (SNU) as compared to SNIa-rate(radio-quiet)= 0.11±

0.03 h2
75 SNU. The exact value of the enhancement is still rather uncertain, but is

likely to be in the range ∼ 2 − 7. We discuss the possible causes of this result and
we conclude that the enhancement of the SNIa explosion rate in radio-loud galaxies
has the same common origin as their being strong radio sources, but that there
is no causality link between the two phenomena. We argue that repeated episodes
of interaction and/or mergers of early type galaxies with dwarf companions are
responsible for inducing both strong radio activity in ∼14% of early type galaxies,
and the ∼ 1 Gyr old stellar population needed to supply an adequate number SNIa
progenitors.

1 Introduction

The knowledge of the supernova rate is essential for constraining the mech-
anisms of galaxy formation and for understanding galaxy evolution. Partic-
ularly the chemical evolution of systems that at the present epoch have a
reduced or totally exhausted star formation activity, such as the elliptical
galaxies, dramatically depends on the rate of type Ia events (e.g. [18]). Thus,
any mechanism capable of producing an enhancement of SNIa rate in this
type of galaxies should be regarded with the highest interest. Two recent
works [4, 12] deal with this possibility. Capetti [4] finds a close association
between the position of 6 type Ia SNe discovered in radio galaxies and their
jets, while [12] claim the detection of an enhancement of the nova rate in
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M87 in the regions near its jet. The former result would indicate that type Ia
SNe in radio galaxies show a statistically significant preference (at the level
of ∼ 95%) to occur close to their jets. The latter result may suggest that the
presence of jets could increase the accretion rate from the interstellar medium
onto the white dwarfs by 1-2 orders of magnitude, up to ∼ 10−8 − 10−9M�
yr−1, which is the rate necessary to trigger classical nova explosions [17]. By
combining the two results, one would infer that the presence of the jets may
increase the efficiency of accretion rate from the ISM and drive an accreting
white dwarf to approach the Chandrasekhar mass and ignite, according to
the standard single-degenerate model, a SNIa explosion ([12], and references
therein). In this scenario it is the jet itself that alters the physical conditions
of its environment and thus it is the direct cause of a local enhancement of
nova and type Ia SN explosions.

Since jets are outstanding signatures of radio galaxies (e.g. [3]), it is im-
portant to extend the investigation to all galaxies with strong radio emission
and to study the SNIa rate as a function of the radio activity. In this paper
we use a larger SN databases to extend the study of [8] to investigate if, and
to which extent radio galaxies exhibit an over-production of type Ia SNe with
respect to quiescent galaxies of the same luminosity class, and to clarify what
is the dominant mechanism that drives this process. In the following, we will
denote as radio-loud sources, or radio galaxies, all galaxies which have radio
luminosities at 1.4GHz higher than 1029 erg s−1 Hz−1, and MR < −20.5
(e.g. [11, 19]) and radio-quiet all galaxies with radio luminosities below that
threshold. The threshold value of ∼ 1029 erg s−1 Hz−1 is the faint limit of
the luminosity function for the radio-galaxies (see also [20]), and, therefore,
it represents the most natural threshold to identify “radio-loud” galaxies.

2 Statistics of SNIa Explosions in Early Type Galaxies

Among the several databases on supernovae currently available, we have used
the one compiled by Cappellaro, Evans and Turatto [6] which has the advan-
tage of being defined a priori, i.e. the galaxies to be monitored were selected
before the SN explosions. As a consequence our statistical analysis does not
suffer of any kind of a posteriori selection criteria, which actually may affect
the statistical analysis carried out on compilations of parent galaxies of SNe.
An inspection to Table 1 reveals the following facts:

1. The fraction of radio galaxies in our sample is 0.12 of the whole sample
of galaxies. Such fraction is marginally smaller than ∼ 0.14 reported by
[11] for radio galaxies having the same radio luminosities (> 1029 erg s−1

Hz−1 at 1.4 GHz). This indicates that the frequency of radio galaxies in
our sample is not affected by biases related to their radio properties.

2. Separating radio-loud from radio-quiet galaxies, we have 9 SNIa events
in radio-loud galaxies and 10 in radio-quiet galaxies. Therefore, we can
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Table 1. Number of Galaxies, Surveillance time T (yr×LB/1010LB
�) and Number

of SNIa events

Galaxies N T SNe

radio-quiet 2216 8894 10
radio-loud 274 2220 9
total 2490 11114 19

confidently estimate the rate of type Ia SNe for radio-loud galaxies to be
0.41+0.13

−0.14 h2
75 SNU (the errors are estimated from a direct application of

Poisson statistics), whereas the rate of type Ia SNe in radio-quiet systems
turn out to be 0.11 ± 0.03 h2

75 SNU.

3 Discussion and Conclusions

An analysis of [6] database provides strong evidence that the rate of type
Ia SNe in radio galaxies is about 4 times higher than the rate measured
in quiescent galaxies. The actual value of the enhancement is still rather
uncertain, due to the uncertainties involved in the SN rate measurements
(see [5]) but is likely to be in the range ∼ 2 − 7. This confirms the result
recently obtained by [8] on the basis of a smaller statistical sample. The
observed enhancement of the rate of SNIa events in radio galaxies can be
explained in basically two different ways:

1. The enhanced SNIa explosion rate in radio-loud galaxies is a
direct consequence of their being strong radio sources. This is
the scenario suggested by [4] and [12]. In radio galaxies the accretion rate
from the interstellar medium onto white dwarfs could be enhanced by
the action of the jets. This process could also account for the high rate
of novae observed in M87 in the regions nearby the jets. The association
between type Ia SNe and jets requires a further step, i.e. that the pro-
genitors of these SNeIa are cataclysmic-type systems, according to the
single degenerate scenario. In this hypothesis, the enhancement of SNIa
in radio galaxies is expected to be spatially confined to the regions im-
mediately adjacent to radio jets and/or the bulk of radio activity. While
this may be true for Virgo A (M87), it appears not to be the case for
Fornax A (NGC 1316), in which the two SNIa (SN 1980N and SN 1981D)
are located quite far from strong radio lobes ([9]), nor for Centaurus A
(NGC 5128), in which SN 1986G is deeply embedded in the equatorial
lane of gas and dust. At any rate, if the dominant phenomenon is accretion
from the ISM rather than from a binary companion, an extreme conse-
quence would be that single WDs will contribute to Nova and perhaps
SNIa production, and not only binary systems with suitable parameters.
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Actually, since the fraction of binary systems that may give rise to a SNIa
is only 5-10% of the total number of systems with masses above 3 solar
masses [13], one should expect a very dramatic increase of the SNIa rate
in jet dominated radio-galaxies, by factors as high as 20 or higher if direct
accretion from ISM becomes the dominant accretion process.

2. The enhancement of SNIa explosion rate in radio-loud galax-
ies has the same common origin as their being strong radio
sources, but there is no causality link between the two phenom-
ena. We favor this alternative. Indeed, the radio activity of a galaxy is
most likely triggered by interaction and/or mergers (e.g. [1, 2, 10]). Also,
the SNIa rate can be enhanced by the formation or the capture of rel-
atively young stellar populations in which SNIa occur at much higher
rates than in genuinely old populations. SNIa progenitors are stars with
original masses above ∼3 solar masses, having nuclear-burning lifetimes
shorter than ∼400 Myrs. After that time, the star becomes a white dwarf
and may explode as a SNIa only after an additional time as needed for
either accreting mass from a companion or merging with it. Such a time
is essentially unconstrained by theory, but measurements of SNIa rates
at different redshifts suggest that it should be shorter than ∼1 Gyrs (e.g.
[13, 15]). As a consequence, in order to sustain a substantial rate of SNIa
explosion, a galaxy has to have a steady supply of young stellar popu-
lations, at least over a time-scale of 1-2 Gyrs. In late type galaxies, the
active star formation provides the needed input for a steady production
of SNIa events. Such a supply in early type galaxies is naturally provided
by repeated episodes of interaction or mergers that induces either forma-
tion of young stellar populations (galaxy interaction; e.g. the Antennae
galaxies [21]) or capture of young stars from dwarf companions. Well
known examples of interacting and/or merging early type galaxies are
Centaurus A (NGC 5128) and Fornax A (NGC 1316), which are strong
radio sources and indeed have produced 1+2 SNIa in the last century.
Moreover, the Virgo Cluster radio galaxy NGC 4753, had given birth to
another SNIa (SN1965I) less than two decades before, thus confirming its
high SNIa rate.

Also in favor of this hypothesis is the fact that the observed SNIa rates
are higher in late type galaxies than in early type galaxies (about a factor
of 10 between Ellipticals and Sd galaxies) once the rates are normalized to
the galaxy H or K band luminosities, and, therefore, to their masses in stars,
rather than to their B-band magnitudes [7, 14, 16]. This fact confirms the
connection between recent stellar populations and type Ia supernovae, and
provides a natural explanation of why among early type galaxies are SNIa
rates higher in radio galaxies, without requiring the concurrence of any new
and/or additional process to enhance the SNIa rates.

Finally, we note that in our scenario the occurrence of a few type II-
Ib/c SNe in early type galaxies is expected at the early stages of the same
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star formation burst that provides a steady supply of SNIa events. Since
core collapse SNe are produced by progenitors more massive than 8M�,
whose lifetime is shorter than about 30 Myrs, only for a small fraction of
the time between subsequent interaction/capture episodes (approximately
30Myrs/1Gyr=3%) would one expect to see such SNe in early type galaxies.
Since in galaxies with active star formation the rate of core collapse SNe is
about 4 times higher than that of SNIa, we estimate that one should ex-
pect to detect core collapse SNe at an average rate of about 0.03×4 � 12%
that of SNIa events. Since 9 SNIa were discovered in E/S0 galaxies during
time-controlled surveys ([5]), one would expect the occurrence of about 1±1
core collapse event in those galaxies, but none has been detected so far. It is
then clear that, while missing one event is statistically acceptable within the
currently available statistics, our prediction will be observationally testable
when the SNIa statistics will have increased appreciably.
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Summary. We present the results of several surveys for supernovae (SNe) in
galaxy clusters. SNe discovered in deep, archival HST images were used to measure
the cluster SN Ia rate to z = 1. A search for SNe in nearby (0.06 ≤ z ≤ 0.2) Abell
galaxy clusters yielded 15 SNe, 12 of which were spectroscopically confirmed. Of
these, 7 are cluster SNe Ia, which we will use to measure the SN Ia rate in nearby
clusters. This search has also discovered the first convincing examples of intergalac-
tic SNe. We conclude with a brief description of ongoing and future cluster SN
surveys.

1 Introduction

This contribution describes our observational studies of SNe in galaxy clus-
ters. The motivation to search for SNe in the fields of rich galaxy clusters is
discussed in a contribution by Maoz et al. (this volume), and more fully by
Gal-Yam, Maoz & Sharon [1] and Maoz & Gal-Yam [5].

Observationally, SN searches in galaxy clusters were pioneered in the late
1980’s by Norgaard-Nielsen et al. [6], resulting in the first detection of a
z = 0.31 SN in the galaxy cluster AC118. More recently, low-redshift clusters
have been monitored for SNe by the Mount Stromlo Abell Cluster SN Search
[7]).

We present below the results from several surveys for SNe in galaxy clus-
ters we have carried out using both ground-based telescopes and the Hubble
Space Telescope (HST).

2 The SN Rate in High-z Clusters from HST

We have conducted a survey for high redshift SNe in deep Hubble Space
Telescope archival images of nine galaxy clusters. Six apparent SNe are de-
tected (Fig. 1), with 21.6 ≤ I814 ≤ 28.4 mag. Two SNe are associated with
cluster galaxies (at redshifts z = 0.18 and z = 0.83), three are probably
in galaxies not in the clusters (at z = 0.49, z = 0.60, and z = 0.98),
and one is at unknown z. After accounting for observational efficiencies and
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Fig. 1. Sections of the images, at two epochs, for each of the six apparent SNe
discovered in our HST cluster survey. The scales shown in the upper-left-hand
corners correspond to 1′′.

uncertainties (statistical and systematic) we derive the rate of type-Ia SNe
within the projected central 500h−1

50 kpc of rich clusters: R = 0.20+0.84
−0.19h

2
50

SNu in 0.18 ≤ z ≤ 0.37 clusters, and R = 0.41+1.23
−0.39h

2
50 SNu in clus-

ters at 0.83 ≤ z ≤ 1.27 (95 per cent confidence interval; 1 SNu ≡ 1 SN
century−1 per 1010LB�). Combining the two redshift bins, the mean rate is
Rz̄=0.41 = 0.30+0.58

−0.28h
2
50 SNu.

We also compare our observed counts of field SNe (i.e., non-cluster SNe of
all types) to recent model predictions. The observed field count is N ≤ 1 SN
with I814 ≤ 26 mag, and 1 ≤ N ≤ 3 SNe with I814 ≤ 27 mag. These counts
are about two times lower than some of the predictions. Since the counts
at these magnitudes are likely dominated by type-II SNe, our observations
may suggest obscuration of distant SNe II, or a SN II luminosity distribu-
tion devoid of a large high-luminosity tail. Further details are presented by
Gal-Yam, Maoz & Sharon [1]. Additional archival SNe from HST, providing
significantly stronger constraints on the properties of high-z SNe, are dis-
cussed in a contribution by Sharon, Gal-Yam & Maoz (these proceedings).
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Fig. 2. Images of the 15 supernovae discovered by WOOTS.

3 WOOTS: A Survey for SNe in 0.06 < z < 0.2 Clusters

3.1 Cluster SN Rates

The Wise Observatory Optical Transient Search (WOOTS) is a survey for
SNe in the fields of 0.06 ≤ z ≤ 0.2, rich Abell galaxy clusters using the
Wise 1 m telescope. 15 SNe were discovered (Fig. 2), and for 12 of these
we obtained follow-up spectroscopy. Seven SNe turned out to have occurred
in cluster galaxies, while five are field events. 11 of the events (including all
cluster SNe) are apparently SNe Ia, and many were discovered near maximum
light. The cluster SN sample is suitable for the calculation of the SN rate in
clusters (Gal-Yam & Maoz, in preparation).
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3.2 Intergalactic SNe

Of the seven cluster SNe Ia discovered in the course of WOOTS, two SNe,
1998fc in Abell 403 (z = 0.10) and 2001al in Abell 2122/4 (z = 0.066), have
no obvious hosts. Both events appear projected on the halos of the central
cD galaxies, but have velocity offsets of 750-2000 km s−1 relative to those
galaxies, suggesting they are not bound to them. Deep Keck imaging of the
locations of the two SNe are used to put upper limits on the luminosities
of possible dwarf hosts, MR > −14 mag for SN 1998fc and MR > −11.8
mag for SN 2001al. The fractions of the cluster luminosities in dwarf galaxies
fainter than these limits are < 3 × 10−3 and < 3 × 10−4, respectively. Thus,
2/7 of the SNe would be associated with ≤ 3 × 10−3 of the luminosity at-
tributed to galaxies. It is argued, instead, that the progenitors of both events
were probably members of a diffuse population of intergalactic stars, recently
detected in local clusters via planetary nebulae and red giants. Considering
the higher detectability of host-less SNe compared to normal SNe, we esti-
mate that 20+12

−15 percent of the SN Ia parent stellar population in clusters
is intergalactic. This fraction is consistent with other measurements of the
intergalactic stellar population, and implies that the process that produces
intergalactic stars (e.g., tidal disruption of cluster dwarfs) does not disrupt
or enhance significantly the SN Ia formation mechanism. Host-less SNe are
potentially powerful tracers of the formation of the intergalactic stellar pop-
ulation out to high redshift. Further details can be found in Gal-Yam, Maoz,
Guhathakurta, & Filippenko [2].

4 Future Prospects

Measurements of SN rates in clusters out to z = 1 provide a powerful and
unique tool to probe cluster metal enrichment and the progenitors of SNe Ia
(see contribution by Maoz et al., this volume). The results are currently
limited by large errors due to small number statistics. It is therefore desirable
to obtain additional measurements of SN rates in clusters. The WOOTS
cluster SN sample will provide another measured point at z ∼ 0.15. We
have also begun a ground-based survey for SNe in rich, lensing clusters at
z ∼ 0.3, using the 2.5 m NOT telescope at La Palma, Spain. This survey aims
to enlarge the number of SNe used to calculate the cluster SN rate in the
z ∼ 0.3 bin (1 SN) by an order of magnitude, and thus to significantly decrease
the statistical error. The first results of this survey include the discovery of
several cluster SNe (e.g., Fig. 3; Gal-Yam, Maoz, Prada & Guhathakurta
[3]) as well as new strong lensing clusters. A similar survey for SNe in high
redshift clusters (z ∼ 0.8) using 4 m class (or larger) telescopes is being
planned. With such data, it will be possible to set strong constraints on the
origin of iron in the ICM and the characteristic delay time of SNe Ia.
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Fig. 3. Subtraction of a NOT image of Abell 1961 (z=0.232) obtained in April 2002
(a) from a similar image obtained in June 2002 (c) reveals SN 2002lh (b). In panel
(d) the comparison of the Keck spectrum of this event (light) with a redshifted
spectrum of the nearby SN 1999ee near peak magnitude (bold, from Hamuy et al.
[4]), reveals this is a SN Ia at z=0.236, i.e., in one of the cluster galaxies.
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Summary. Large numbers of supernovae (SNe) have been discovered in recent
years, and many more will be found in the near future. Once discovered, further
study of a SN and its possible use as an astronomical tool (e.g., as a distance estima-
tor) require knowledge of the SN type. Current classification methods rely almost
solely on the analysis of SN spectra to determine their type. However, spectroscopy
may not be possible or practical. We present a classification method for SNe based
on the comparison of their observed colors with synthetic ones, calculated from a
large database of multi-epoch optical spectra of nearby events. Broadband photom-
etry at optical wavelengths allows classification of SNe up to z = 0.75, and the use
of infrared bands extends it further to z = 2.5. We demonstrate the applicabil-
ity of this method, outline the observational data required to further improve the
usefulness of the method, and discuss prospects for its use on future SN samples.
Community access to the tools developed is provided by a dedicated website.1

1 Introduction

Once discovered, the study of a particular supernova (SN), and its use as
a tool for any application, is almost always based on spectroscopic verifica-
tion and classification, but this follow-up may not always be a viable option.
First, the interesting population of very distant (z > 1) supernovae (SNe),
where the mark of cosmic deceleration should be detected, is usually fainter
than 25 mag, the practical limit for spectroscopy. Second, the fast evolution
of astronomical archives, toward the realization of the “virtual observatory”
concept, is expected to produce a large number of SNe discovered in retro-
spective studies, for which any follow up is, of course, impossible. And last,
1 See http://wise-obs.tau.ac.il/∼dovip/typing
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Fig. 1. Complete field (36′ × 36′) taken with the wide field mosaic camera on
the KPNO 4m telescope. Candidate SNe with their approximate brightnesses are
marked. There are tens of still uncertain, and dimmer, candidates not marked here.

spectroscopy is impossible if large numbers (hundreds or thousands) of SNe
are detected within a relatively short time.

In an example of such occurrence, we have acquired with B. Jannuzi,
deep (limiting mag ∼26) and wide (36′×36′) images with the mosaic camera
mounted on the KPNO 4m telescope, on two epochs. The difference image of
these two frames, reveals dozens of candidate SNe of which only the brightest,
which can be seen in Fig. 1, can be observed spectroscopically. We have
confirmation for two of these objects, which are indeed SNe Ia at redshifts of
0.21 and 0.67 [5]. Since these SNe are in a well studied field, we have redshifts
for most of the galaxies, and hence for the candidate SNe, and can compute
the SN redshift distribution in addition to the faint SN counts. As we will
show below, a similar dataset with photometry in more than one band would
allow a separation of such an analysis to the different SN types.

The next alternative to spectroscopy is the use of multi-color broadband
photometry to classify SNe. In a recent paper [4] we have shown that in the
absence of spectral information, much can be gleaned from the broad band
colors of the SN. First, most SNe discovered are associated with host galaxies,
so their redshift is either known, or can be measured long after the SN has
faded (using spectroscopy or photometric redshifts). Second, by comparing
the colors of the SN in question to those expected for SNe of various types,
at various ages, and at the known redshift, one can determine, or at least
constrain, its age and type.
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Fig. 2. r−i vs. i−z for SNe of type Ia (line), II-P (thick line), and IIn (thick-dashed
line), at z = 0.75. The time evolution of each SN type is illustrated by linearly
connecting, in temporal order, the locations occupied by such events. The marked
ages are in days relative to B-band maximum. For clarity, we have sometimes
omitted the age labels of data points with similar ages and colors. The arrow shows
the reddening effect of AV = 1 mag (in rest frame V ) extinction by dust in the host
galaxy.

2 Method

In order to compute the expected colors of SNe of all types at a chosen z,
we have compiled a large database of high signal-to-noise spectra of nearby
SNe, mostly from Lick Observatory. We can then derive synthetic photometry
from these spectra at any given redshift. The use of synthetic colors is the
key that allows the tracing of the color behavior, i.e., the time evolution of
the colors, of the various SN types, at arbitrary redshift. Using color-color
diagrams one can then look for areas that are either populated by one type
of SNe or not populated by others. Our method allows the classification of
SNe up to a redshift of 0.75 using optical bands, while the use of infrared
bands increases the range up to z = 2.5.

2.1 Example Diagram and Application

Figure 2 shows an example of the color paths of SNe of type Ia, II-P, and
IIn (other types are omitted for clarity), at z = 0.75 in the Sloan colors r− i
versus i−z. The numbers along the curves represent the time in days relative
to maximum B-band brightness. One sees that most SNe before maximum
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Fig. 3. g − r vs. r − i for SNe of all types at z = 0.0311. SNe Ia tracks are thick
lines, and core-collapse SNe tracks are thin lines. The observed colors of SN 2001fg
are indicated by the filled circle. The colors suggest a SN Ia about 1 month past
maximum brightness, as confirmed by spectra of this event.

light are blue, with i − z < 0 mag, but Ia SNe are significantly bluer with
i−z ∼ −0.25 mag, while being redder in r−i. Older SNe II-P have the reddest
colors of all SNe with i−z > 1 mag, and IIn SNe have consistently lower r− i
colors than Ia SNe. The arrow shows the reddening effect corresponding to
AV = 1 mag of extinction in the host galaxy, assuming the Galactic reddening
curve of Cardelli et al. (1989). One can see that the unique colors of young
(t < 12 days) and very old (t > 100 days) SNe Ia cannot be masked even by
significant reddening in their host, so that some candidates with appropriate
observed colors can be uniquely determined to be SNe Ia. Even when the
type of a SN cannot be uniquely determined, it may still be deduced by
supplementing the color information with other available data on the SN,
such as constraints on its brightness, and information (even if very limited)
on its variability (e.g., whether its flux is rising or declining).

Since the classification of a particular SN at a given redshift and with
specific observed colors requires the generation of custom diagrams, we have
built a dedicated web site2 that allows the astronomical community access
to the tool have we developed.

An example of such an application is shown in Fig. 3. SN 2001fg was one
of the first SNe reported from SDSS data. This event was discovered on 15
October 2001 UT [6] with g = 19.20, r = 17.87, and i = 18.17 mag. Inspecting

2 http://wise-obs.tau.ac.il/∼dovip/typing/
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the color-color diagram calculated for the appropriate redshift (z = 0.0311,
see below), one can see (Fig. 3) that the type and approximate age of the
SN candidate can be deduced. The diagram clearly indicates this is a SN Ia,
about one month old. Followup spectra [1] using the Keck II 10-m telescope
reveal that the object is indeed a SN Ia, at z = 0.0311. The spectrum is
similar to those of SNe Ia about two months past maximum brightness. This
age, at the time of the spectral observation (18 November UT), implies an
age around one month past maximum brightness at discovery, confirming
our diagnosis. A fully “blind” application would have, of course, required an
independent photometric or spectroscopic redshift for the SN host galaxy.

3 Conclusions and Future Prospects

We have shown that SNe can be classified using broad band colors, so that
spectroscopy is not a prerequisite. Such an approach will enable the analysis
of larger number of SNe, as expected to be discovered in the coming years,
but with limited information. This is important especially at high z where
spectroscopy becomes almost impossible.

In order to better sample the evolution of the covered SN types, we plan
to enrich the spectral database used. This will smooth the current scatter
seen, e.g., in Fig. 2, which is largely due to variations between individual
objects. We also intend to incorporate spectra of SN 1998bw-like Ic SNe, also
called hypernovae [2], associated with gamma-ray bursts. Finally, in order
to enable classification of higher redshift SNe observed in optical bands, UV
spectra, of which only a handful exist [3], will be added to the database.
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Thus, the observation of gamma-ray line emission from a young supernova

seems very promising in the near future. The observation, or even a null

observation at a low threshold, will give significance in the fields of nuclear

astrophysics and supernova theory. The scientific importance of a positive

measurement would be analogous with and comparable to the importance of

successful detection of neutrinos from the Sun.

Clayton, Colgate, and Fishman [2].

Summary. SN 1998bw, especially after the discovery of GRB 030329/SN 2003dh,
seems to be the equivalent of the Rosetta stone for the SN/GRB connection. In
this paper I review optical and near IR observations that have been carried out for
this uncanny object, which has probably confirmed suspicions and ideas originally
formulated in the early seventies of last century.

1 Introduction

This story probably begins in 1969, with what I like to call a “prophecy,”
and it is right that I wish to start this review on the optical and near-IR
observations of SN 1998bw1.

As J. Sollerman said in one of his papers on this striking object, SN 1998bw
was born famous. And it was doomed to become even more famous as time
went by, so famous that it was sometimes named “the supernova of the cen-
tury.” And this is indeed interesting, since it was born in the same century
of SN 1987A, one of the most studied and referenced objects in the sky.

Just from the optical and near-IR observations point of view, this is wit-
nessed by the large number of papers which have been published in the first
four years. Starting with the Nature papers by Galama et al. [7] and Iwamoto
et al. [11], a number of authors have presented the results of their observa-
tional campaigns [5, 8, 16, 18, 21, 22, 23].

1 This talk was given in Valencia on 25 April 2003. For some cabalistic reason, this
coincided exactly with the fifth anniversary of GRB 980425/SN1998bw.
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Fig. 1. Contour plot of ESO-184-G82. The original image stack was obtained at
VLT+FORS1 at about 900 days after the explosion. Spatial scale was computed
for a distance of 40 Mpc. The SN position is marked.

The reader is referred to these papers for a detailed account on the ob-
servations, while here I will try to give only a general view of the SN 1998bw
phenomenon.

SN 1998bw was discovered by Galama et al. [6] in the BeppoSAX Wide
Field Camera error box of GRB 980425 [19, 20] close to a spiral arm of the
barred galaxy ESO 184-G82 (see Fig. 1), by comparing two frames taken at
the ESO New Technology Telescope on Apr 28.4 and May 1.3 UT. Spectro-
scopic and photometric observations, both in the optical and in the near IR,
started at ESO–La Silla immediately after the discovery, and showed that
this object was profoundly different from all then known SNe [14].

Its peculiar spectroscopic appearance, its unusually high radio luminosity
at early phases [13], its optical luminosity (MV ∼ −19.2 + 5 log h65) and,
in particular, the probable association with GRB 980425 through positional
and temporal coincidence [6, 19] placed SN 1998bw at the center of discus-
sion concerning the nature of gamma-ray bursts (GRBs). The object was
tentatively classified as a peculiar Ic [4, 17], I would say “by definition” more
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Fig. 2. Spectrum of SN 1998bw taken at ESO-La Silla on May 5, 1998.

than anything else, due to the complete absence of H lines, the weakness of
the Si II 6355 Å line and no clear He I detection in the optical spectra (see
Fig. 2). Main spectral features were identified as O I, Ca II, Si II and Fe II
[11]. The estimated expansion velocities were exceptionally high (∼ 30, 000
km s−1) and this caused a severe line blending. The evolution during the first
months was unusually slow compared to known Ic, with the nebular spectra
still retaining many of the features present during the photospheric phase
[18, 23].

The late onset of the fully nebular phase has been interpreted as an in-
dication for a large ejected mass [23] as it was predicted by the early light
curve models. During the intermediate phase, the emission lines were defi-
nitely broader than in known Type Ib/c SNe and the simultaneous presence
of iron–peak and α-elements indicated unusual relative abundances or phys-
ical conditions in the SN ejecta [18]. The late spectroscopy presented by [21]
showed that the tentative morphological classification of SN 1998bw as a
Type Ic event was indeed appropriate. The main features have been identi-
fied as [O I], Ca II, Mg I and Na I D, the latter possibly contaminated by
He I 5876 Å.
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As far as the gamma-ray burst is concerned, GRB 980425 was pretty
weak, since the implied energy for a 40 Mpc distance was 8.1±1.0 ×1047 erg
[19], which is definitely smaller than the usual 1053 erg value typical for the
so-called cosmological GRBs. This has led the community to believe that
GRB 980425 is a member of an unusual class of GRBs/SNe (see, e.g., [5]).

The galaxy which hosted GRB 980425/SN 1998bw, ESO 184–G82, is an
SBc galaxy with a recession velocity vr = 2532 km s−1 [18]. Its luminosity
is L ∼0.5−1.2 LLMC , it is currently undergoing strong star formation, it
shows a bar and rather clear indications of morphological disturbances [5].
This is clearly visible in the late VLT images, which show a possibly double
nucleus, isophotal twisting and asymmetry (see Fig. 1). All this suggests that
the observed star formation is related to galaxy interaction/merging.

The HST images have shown that SN 1998bw exploded in a star-forming
region [5], containing several bright and young stars within a projected dis-
tance of 100 pc. This is consistent with the progenitor of SN 1998bw being a
young and massive star

Due to its relatively high apparent brightness, Kay et al. [12] and Patat
et al. [18] have attempted to perform some polarimetric measurements at
different epochs. After correcting for the interstellar polarization in the di-
rection of the host galaxy, the estimated optical linear polarization was 0.6%
(day −7), 0.4% (day +10) and 0.5% (day +42). The fluctuations in these
values seem to suggest that the observed polarization is intrinsic to the SN,
although a dusty medium in the parent galaxy cannot be ruled out.

The small degree of polarization at optical wavelengths can be explained
in terms of a moderate departure from sphericity (axial ratio less than 2:1
[10]), either in the photosphere or in the outer scattering envelope when the
line of sight is not coincident with an axis of symmetry.

Interestingly, no polarization, either circular or linear, was detected in
the radio, and this has been interpreted as the signature of a spherically
symmetric blast wave [13]. This apparent discrepancy might suggest that
the radio and the optical radiation were generated in regions of different
geometry.

2 Photometric and Spectroscopic Evolution

The early light curve of SN 1998bw has shown that the object was unusually
bright when compared to known SNe of type Ib/c [7] and, in this respect, it
was much more similar to a type Ia. The broad-band photometric observa-
tions by [16] taken during the intermediate phases revealed that the object
settled on an exponential decay similar to that observed in other type Ic
SNe. McKenzie and Schaefer first suggested that even in this case the light
curve was powered by the radioactive decay of 56Co with some leakage of
γ-rays. Photometry covering later phases was then presented by [18, 21, 22],



Optical and Near-IR Observations of SN 1998bw 385

Fig. 3. Comparison between SN 1998bw and other SNe at maximum light.

the latter extending to ∼1000 days after the explosion by means of HST
observations.

The late light curve continues to fall significantly steeper that the decay
rate of 56Co up to more than 500 days. There is no sign of the so-called
positron phase, in which the fully deposited kinetic energy from the positrons
would dominate the light curve.

Another interesting feature is the light curve flattening observed at about
800 days past explosion. For a detailed discussion on the possible explana-
tions, we refer the reader to the original paper by [22] and here we just men-
tion them: onset of more long-lived isotopes radioactive decay (e.g., 57Co),
freeze-out, interaction with CSM, black-hole powering and faint light echoes.

Using a simple radioactive model, Sollerman et al. [22] could fit the data
with ∼0.3 M� of ejected 56Ni, which can be regarded as a lower limit to the
amount of ejected nickel in SN 1998bw. In this respect we note that the early
light curve modeling (see [11]) required ∼0.7 M� in order to reproduce the
observed high peak luminosity.

Extensive spectroscopic data sets were presented by [18, 23]. The general
appearance of the spectrum at maximum light is quite unique among SNe,
even though it is somewhat reminiscent of SN 1997ef (see Fig. 3), which
has been modeled as a massive SN Ic [15]. At these early epochs, when the
velocity is high, line blending is particularly severe; the modeling presented
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Fig. 4. Comparison between SNe 1992A (Ia), 1998bw, 1991N (Ib) and 1996aq (Ic)
at late phases. The vertical dashed line is placed at the rest-frame wavelength of
MgI]λ4571.

by [11] suggests that the main features are due to lines of Si II, O I, Ca II
and Fe II. The velocity, deduced from the Si II λ6355 line is about 30,000
km s−1 at day −7 and decreases to about 18,000 km s−1 at day +22. These
value are exceptionally high, for any SN.

Starting at about one month after maximum light, the SN enters its nebu-
lar phase. The transition from an absorption to an emission spectrum is slow
and subtle. While the evolution of SN 1998bw in the range 5500− 9000 Å is
similar to that of SN Ic events, the expansion velocities are larger, and the
region between 4000 and 5500 Å is dominated (at least until about day +200)
by a wide bump to which Fe II transitions probably contribute significantly
(see Fig. 4). In general, the spectral appearance supports the idea that this
object is related to SNe Ib/c. It might be regarded as an extreme case among
these objects, having large kinetic energy, ejecta mass and ejected mass of
synthesized 56Ni, while SN 1997ef could represent a less extreme case closer
in properties to the known SNe Ic.

At one year, despite its early marked peculiarity, SN 1998bw is practically
indistinguishable from known type Ib (see Fig. 5). Even the high expansion
velocities measured during the first 6 months have slowed down to the values
that are typical for other type Ib SNe (∼ 5000 km s−1). But, the much higher
ejected mass estimated by the models and the high luminosity, which persists
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Fig. 5. Comparison between Type IIb SN 1993J (dotted line), Type Ib 1996N and
SN 1998bw at about 1 year after maximum light. Spectra have been normalized to
the [OI] λλ6300,6364 peak and arbitrarily shifted for presentation.

also at these advanced phases (SN 1998bw is 3 mag brighter than SN 1996N
at late phases), tend to support the idea of a hyper-energetic event.

An important aspect, which may give some hints about the progenitor’s
nature is the presence/absence of helium. The optical spectra have shown
no traces of this element (see Fig. 6) and this is why the SN was classified
as a Ic. On the other hand, near-IR spectroscopy (1.0−2.5 µm) during the
early phases has shown the presence of a strong emission accompanied by a
P-Cyg profile, which might be He I 1.08 µm. This identification is somewhat
supported by the detection of another He I line at 2.06 µm. However, alter-
native identifications are possible (see the discussion in [18]) and, therefore,
the detection of helium in the spectra of SN 1998bw is not so firm.

3 A New Beginning

After finishing the work on SN 1998bw I had the impression that the show
was over and we had met just another peculiar object with no future. And,
more depressing, we were left with more questions than answers. But nature
is subtle and a very recent GRB, named 030329, has shown clear traces of
an underlying SN spectrum, indeed similar to that of SN 1998bw (see [9]
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Fig. 6. Optical and IR spectra of SN 1998bw at comparable phases. Line identifica-
tions from spectral modeling are plotted for the most prominent emission features
(top) and for the He I lines (bottom). The He marks are placed at the expected
absorption positions for an expansion velocity of 18,300 km s−1.

and the contribution by T. Matheson in these Proceedings). Even though
GRB 030329 was among the brightest ever recorded (while GRB 980425 was
extremely weak), the spectral resemblance to SN 1998bw is really astonishing.

This clearly indicates that, at least some GRB events are linked to core-
collapse SNe and it confirms the ideas that were born with the discovery of
GRB 980425/SN 1998bw and which have their original seed in the pioneering
work by [1].

I have started this review quoting the paper by Clayton, Colgate and
Fishman [2]. Actually, a few years later, in 1974, S. Colgate advanced the
idea that γ-ray pulses of cosmic origin observed from the Vela spacecraft
could be originated by the core-collapse of massive stars in distant galaxies
[3].

Thirty years after, this prophecy seems to come true2.
2 The first idea actually dates back to 1959, when S. Colgate gave a talk to the

Russian delegation of the conference for the cessation of nuclear testing in space,
suggesting that “SNe or something like them might trigger our treaty detectors in
orbit, causing us to lob nuclear weapons at each other” (private communication).
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Fig. 7. Stirling Colgate at Aiguablava (Spain) in 1995. Photo by the author.
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Summary. The properties of the best-observed peculiar, SN 1998bw-like Type Ic
supernovae (sometimes called “hypernovae”) are reviewed, starting from SN 1998bw
itself and including SNe 1997ef and 2002ap. Analysis of the light curves and the
spectra shows that, while these SNe display a range of properties (kinetic energy,
mass of the ejecta, mass of 56Ni synthesized in the explosion), they have in com-
mon a larger-than-normal explosion kinetic energy, giving rise to the characteristic
broad-lined spectra. Also, they all come from the collapse of bare CO cores of mas-
sive ( >∼ 20M�) progenitor stars. Some of the properties of these SNe, such as kinetic
energy and mass of 56Ni, are probably correlated with the mass of the progenitor.
Evidence that these powerful events are intrinsically asymmetric, suggesting that a
correlation with at least some gamma-ray bursts can be expected, is also discussed.

1 Introduction

One of the most interesting recent developments in the study of supernovae
(SNe) is the discovery of objects with a kinetic energy (Ekin) on the order
of 1052 erg, about 10 times more than normal core-collapse SNe (hereafter
E51 = E/1051 erg). The most luminous and powerful of these objects, the
Type Ic supernova (SN Ic) 1998bw, was probably linked to the gamma-ray
burst GRB 980425 [6]. Moreover, SN 1998bw was exceptional for a SN Ic:
it was as luminous at peak as a SN Ia, indicating that it synthesized ∼ 0.5
M� of 56Ni, and it showed very broad absorption lines, reaching velocities of
∼ 30, 000 km s−1. This was interpreted as due to a very powerful explosion,
with E51 ∼ 30 in spherical symmetry [11, 44].

Subsequently, other unusually energetic SNe Ic have been discovered or
recognized, such as SN 1997ef [12, 23], SN 1997dq [21], possibly SN 1999as
[17], and SN 2002ap [26]. These objects did not appear to be associated with
GRBs. Fig. 1 shows the near-maximum spectra and the absolute V -band
light curves of these so-called “hypernovae” and of the normal SN Ic 1994I;
they span a wide range of properties. Not all of them are extremely luminous,
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Fig. 1. (a) The near-maximum spectra and (b) the absolute V -band light curves
of SN Ic 1994I and a few hyperenergetic Type Ic SNe [26].

yet they are spectrally similar to SN 1998bw, so they have also been dubbed
“SN 1998bw-like SNe.”

In this paper, we examine the properties of SN 1998bw-like SNe as de-
rived from optical light curves and spectra, and we discuss what may be the
discriminating factor for their birth or the connection with a GRB.

2 SN 1998bw and GRB 980425

The discovery of SN 1998bw immediately generated a great deal of interest,
since the SN was detected in the error box of GRB 980425, and was very
possibly linked to it. The object was identified as a supernova from its light
curve, which was different from those of typical optical transients of GRBs.
Extensive data were collected at ESO [6, 36] and other observatories.

Early-time spectra were rather blue and featureless, quite unlike those
of other known SNe. More careful inspection showed clear similarities with
the spectra of SNe Ic, but with one major difference: the absorption lines
were so broad in SN 1998bw that they blended together, giving rise to what
could even be confused with an emission spectrum. Very large expansion
velocities (∼ 30, 000 km s−1) were measured in the ejecta. Also, SN 1998bw
was very bright for a SN Ic: for a redshift distance of 39 Mpc (z = 0.0085
and H0 = 65 km s−1 Mpc−1), the SN reached a maximum V = −19.4 mag,
which is luminous even for a SN Ia, while a typical SN Ic like SN 1994 I was
almost 2 mag dimmer [33, 37].

Modeling of the early data ([11], hereafter IMN98) led to several striking
conclusions. First, the SN produced about 0.7M� of 56Ni, as much as a SN Ia.
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This was necessary to power the light curve via the deposition of the γ-rays
emitted in the decay of 56Ni into 56Co and 56Fe.

IMN98 discuss that the light curves are degenerate: different combinations
of ejecta mass Mej and kinetic energy Ekin can reproduce the data equally
well. Spectra came to the rescue: spectral synthesis showed that the only
way to reproduce the observed extensive line blending was to have significant
amounts of material moving at very large velocities. Since models with dif-
ferent Ekin give different degrees of blending, it was possible to select as the
best model one with Mej = 10.9M� and E51 = 30. This had an exploding
core mass of 13.8M� and was designated CO138 accordingly. A typical SN Ic
has Mej = 1M�, and the typical kinetic energy of most SNe of all types is
only about E51 = 1. An even larger value, E51 = 50 [30], gives a better fit
to the declining part of the light curve and to the spectra. A comparable
value was obtained from an analysis of the early-time spectra [2]. Because of
its exceptionally large Ekin, SN 1998bw was called a “hypernova” by some
authors [13].

The progenitor must have been a massive star, with a main-sequence mass
of about 40M�. Also, the remnant mass, which is computed by allowing only
as much of the 56Ni produced by core Si burning to be ejected as is necessary
to power the SN light curve, turned out to be ∼ 3M� [30, 31]. This probably
exceeds the maximum mass of a neutron star, suggesting that the explosion
that was observed as SN 1998bw resulted in the creation of a black hole.

Since SN 1998bw was probably connected to a highly non-spherical event
like a GRB, departure from spherical symmetry could be expected. Early
polarization measurements confirmed this. Polarization of ∼ 0.5%, possibly
decreasing with time, was detected [11, 15, 36]. This was interpreted as an
axis ratio of about 2:1 in the expanding ejecta [10]. Models of the collapse of
a rotating stripped core of a massive star confirmed that the explosion should
be asymmetric, thus establishing a possible link with the GRB [19].

The transition to the nebular phase occurred ∼ 100 days after the out-
burst, which is assumed to coincide with GRB 980425. Nebular spectra probe
the deepest parts of the ejecta. Early in the nebular epoch the spectra show
the properties of a typical SN Ic, with strong lines of [O i], Ca ii, [Ca ii],
and Mg i], and weaker lines of [Fe ii]. However, the [Fe ii] lines are unusually
strong for a SN Ic. Also, lines of different elements have different widths,
indicating different expansion velocities. In particular, iron appears to ex-
pand more rapidly than oxygen. Furthermore, the [O i] lines decline more
slowly than the [Fe ii] ones, signaling deposition of γ-rays in a slowly moving
O-dominated region. These facts suggest that the explosion was aspherical.
The absence of [Fe iii] lines can be understood if the ejecta are significantly
clumped.

The properties of aspherical hypernova explosions were computed by
Maeda et al. [20]. In such explosions Fe is mostly ejected at high velocity
in a jet along the polar direction, while nearer the equatorial plane burning
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is less effective and low-velocity O is mostly ejected. The unusual ratio of
the width of the O and Fe nebular lines in SN 1998bw can be explained
with a strongly aspherical explosion model viewed from a near-jet direction.
Also, in this case the O line has a very sharp peak, in agreement with the
observations. The value of Ekin in these models goes down to E51 ≈ 10.

3 SNe 1997ef and 1997dq

SN 1997ef was a SN Ic whose Ekin was determined to be large by both
Branch [2], who found E51 ≈ 30 from spectral fits, and Iwamoto et al. [12],
who derived from a simultaneous study of the light curve and spectra the
values E51 = 8, Mej= 8M�, and M(56Ni)= 0.15M�, and suggested that
it was the result of the collapse of the stripped CO core of a massive star
(ZAMS ≈ 25 − 30M�). Following the association between SN 1998bw and
GRB 980425, Wang et al. [42] looked for other possible associations between
SNe and GRBs, and suggested that GRB 971115 may be compatible with
SN 1997ef in position and time of occurrence, although the correlation is
much weaker than for SN 1998bw and GRB 980425.

Mazzali et al. [23] analyzed a series of early-time spectra of SN 1997ef.
Using spectroscopic dating of the 1997 Nov. 29 spectrum they estimated
that the explosion occurred on Nov. 20 ±1 day. They derived the density
and abundance distributions in the ejecta, and found that typical hypernova
abundances describe SN 1997ef very well. However, their results differed from
the explosion model in two ways: (1) the outer density structure turned out
to be rather flat (a power law with index n = −4), as required by the very
broad absorption features, extending to v ≈ 25, 000 km s−1; and (2) matter
was found to be present at low velocities (∼ 2, 000 km s−1), well below the
low-velocity cutoff of a spherically symmetric explosion model (5,000 km s−1).
They found that a model with E51 = 20, Mej= 10M�, and M(56Ni)=
0.13M� (model CO100) gives a good representation of the light curve and
spectra.

A synthetic light curve obtained with this modified density structure fits
the observations near the peak quite nicely. Mazzali et al. [23] suggested that
if an additional 0.05M� of 56Ni is contained at low velocities and high density,
then the observed slowing down of the light curve between days 60 and 160
might be explained by the ensuing additional deposition of γ-rays. They also
suggested that the distribution of 56Ni may be aspherical.

Matheson et al. [21] showed a set of spectra of the Type Ic SN 1997dq, and
suggested that it is similar to SN 1997ef (cf. their Figures 17 and 18). Unlike
SN 1997ef, a nebular spectrum is available for SN 1997dq. This can be used to
determine the mass of 56Ni ejected by this SN and, by analogy, by SN 1997ef.
We modeled this spectrum with our NLTE nebular code (e.g., [25]). Given
the relative distance modulus of SN 1997dq with respect to SN 1997ef (−1.8
mag), the best fit required M(56Ni)= 0.16M�, and a total mass of 2.3M�,
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of which only about 0.8M� consists of O; the rest is mostly Si, C, and S
[28]. The masses of Ca and Mg are rather small by comparison, even though
they do give rise to rather strong emission features. The outer velocity of the
nebula is only 5,000 km s−1, which is similar to the velocity of the nebular
component in earlier spectra of SN 1997ef. The density of the outer regions
is too low at these advanced epochs to contribute significantly to the nebular
spectrum, and the deposition of γ-rays and positrons is also probably quite
small, because 56Ni is not expected to be mostly located there. The fact that
the velocities of the regions that form the nebular spectrum are low confirms
the finding that significant amounts of mass are present at velocities lower
than the cutoff imposed by one-dimensional explosion models [23].

Indeed, Mazzali et al. [23] estimated that the mass between 3,000 and
5,000 km s−1 in SN 1997ef is 1.65M�, in good agreement with the result for
SN 1997dq, which refers to all regions with v < 5000 km s−1. The estimate
of the 56Ni mass for SN 1997dq is also in good agreement with the results
obtained for SN 1997ef. Although the nebular spectrum of SN 1997dq is not of
exceptionally high signal-to-noise ratio, the line profiles do not seem to show
signs of an asymmetric explosion, such as the multiple components (narrow
and broad) observed in the nebular spectra of SN 1998bw [25].

4 SN 2002ap

SN Ic 2002ap was discovered in M74 on 2002 January 30 [9]. The SN was
immediately recognized as SN 1998bw-like from its broad spectral features
[5, 7, 16, 29]. Luckily, the SN was discovered very soon after it exploded: the
discovery date was Jan. 29, while the SN was not detected on Jan. 25 [32].
This is among the earliest any SN has been observed.

SN 2002ap reached V maximum on about Feb. 8 at V = 12.3 mag. It
peaked earlier than both SNe 1998bw and 1997ef, but later than the normal
SN 1994I, suggesting an intermediate value of the ejecta mass Mej. Using a
distance to M74 of 8 Mpc (µ = 29.5 mag; [38]), and a combined Galaxy and
M74 reddening of E(B−V ) = 0.09 mag [40], the peak absolute magnitude was
MV = −17.4. This is comparable to SN 1997ef and fainter than SN 1998bw
by almost 2 mag. Since peak brightness depends on the ejected 56Ni mass,
SNe 2002ap, 1997ef, and 1994I appear to have synthesized similar amounts
of it. Estimates were ∼ 0.07 M� for SN 1994I [33] and 0.13 M� for SN 1997ef
[23]. The 56Ni mass for SN 2002ap is estimated to be ∼ 0.07 M�, which is
similar to that of normal core-collapse SNe such as SNe 1987A and 1994I.

If line width is the distinguishing feature of a “hypernova,” then clearly
SN 2002ap belongs to this group, as its spectrum resembles that of SN 1997ef
much more than that of SN 1994I (Fig. 1a). Line blending in SN 2002ap and
SN 1997ef is comparable. However, individual features that are clearly visible
in SN 1994I but completely blended in SN 1997ef can at least be discerned
in SN 2002ap (e.g., the Na i–Si ii blend near 6000 Å and the Fe ii lines
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Fig. 2. a. A spectrum of SN 2002ap observed on Feb. 2, 2002, compared to a
synthetic spectrum obtained with our Monte Carlo code [24, 22].
b. A spectrum of SN 2002ap observed at Lick Observatory on October 1, 2002,
compared to a synthetic NLTE spectrum computed for a 56Ni mass of 0.09 M� and
a total mass of ≈ 1.3 M�below 5600 km s−1 [27].

near 5000 Å). Therefore, spectroscopically SN 2002ap appears to be located
just below SN 1997ef in a “velocity scale,” but considerably above SN 1994I,
confirming the evidence from the light curve.

The spectral evolution of SN 2002ap follows closely that of SN 1997ef, at
a rate about 1.5 times faster. The spectra and the light curve of SN 2002ap
can be reproduced by a model with Mej= 2.5–5 M� and E51 = 4–10 (see
Fig. 2a). Both Mej and Ekin are much smaller than those of SNe 1998bw and
1997ef (the higher limits quoted may apply if a significant amount of He is
present).

For these values of Ekin, Mej, and M(56Ni), we can constrain the progen-
itor’s main-sequence mass Mms and the remnant mass Mrem. Modeling the
explosions of C+O stars yields M(56Ni) as a function of the parameter set
(Ekin, MCO, Mrem =Mej−MCO). The model which is most consistent with
our estimates of (Mej, E) is one with MCO ≈ 5 M�, Mrem ≈ 2.5 M�, and
E51 = 4.2. The 5 M� C+O core forms in a He core of mass Mα = 7 M�,
corresponding to a main-sequence mass Mms ≈ 20–25 M�. The Mms − Mα

relation depends on convection and metallicity (e.g., [34, 41]).
SN 2002ap was not apparently associated with a GRB. This may be a

consequence of the fact that the explosion energy of SN 2002ap is about a
factor of 5–10 smaller than that of SN 1998bw, as also indicated by the weak
radio signature [1]. The present data show no clear signature of asymmetry,
except perhaps for some polarization [14, 18, 43], which is smaller than that
of SN 1998bw. This suggests that the degree of asphericity is smaller in
SN 2002ap and that the possible “jet” may have been weaker, which makes
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Fig. 3. a. Explosion energies and b. ejected 56Ni mass against main sequence mass
of the progenitors for several core collapse supernovae/hypernovae [35].

GRB generation more difficult. It is also possible that a GRB did occur, but
that it was not observed because of an unfavorable inclination with respect to
the line-of-sight. Asymmetric models indeed show more “normal” properties
away from the jet axis.

Nebular spectra, which developed at an epoch of about 4 months, do not
show the peculiar narrow [O i] 6300Å line as in SN 1998bw, but they do show
a narrow core in both [O i] and Mg i] 4571Å, which may be interpreted as
a signature of asymmetry. The mass of 56Ni estimated from modeling these
spectra with a 1D NLTE code (Fig. 2b) is ≈ 0.1 M�.

5 Properties of Hypernovae

Based on the observed objects and their interpretation, it is possible to make
some generalization regarding the properties of hyperenergetic type Ic SNe
and their relation to the progenitor stars.

5.1 The Kinetic Energy

All hypernovae are highly energetic. Fig. 3 shows Ekin as a function of the
main-sequence mass Mms of the progenitor star as derived from fitting the op-
tical light curves and spectra of normal and highly energetic SNe. In a “hyper-
nova branch” Ekin appears to increase with Mms, reaching values much larger
than the canonical 1051 erg. The faint Type II-P SNe 1997D and 1999br, on
the contrary, have very small values of Ekin.

This trend might be interpreted as follows. Stars with Mms
<∼ 20-25 M�

form neutron stars and become normal supernovae, their type depending on
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their envelope properties. (SN 1987A may be a borderline case between neu-
tron star and black hole formation.) Stars with Mms

>∼ 20-25 M� form black
holes (e.g., [4]); whether they become hypernovae or faint SNe may depend
on the angular momentum in the collapsing core, which in turn depends on
the stellar winds, metallicity, magnetic fields, and binarity.

Hypernova progenitors may have rapidly rotating cores owing possibly to
the spiraling-in of a companion star in a binary system. The cores of faint
SNe II-P might not have a large angular momentum, because the progeni-
tor’s massive H-rich envelope may have been able to transport the angular
momentum of the core out to the envelope possibly via a magnetic-field effect.

Between these two branches, there may be a variety of SNe. A dispersion
in the properties of SNe II-P has been reported [8], but whether the region
of normal explosion energy and large progenitor mass is actually populated
remains an open issue awaiting observational verification.

5.2 The Mass of Ejected 56Ni

A similar relation is observed between the mass of 56Ni, M(56Ni), synthesized
in core-collapse supernovae and Mms in Fig. 3a. This is important for the
study of the chemical evolution of galaxies. Stars with Mms

<∼ 20-25 M�,
forming a neutron star, produce ∼ 0.08 ± 0.03 M� 56Ni as in SNe 1993J,
1994I, and 1987A. For stars with Mms

>∼ 20-25 M�, which form black holes,
M(56Ni) appears to increase with Mms in the “hypernova branch,” while
SNe in the “faint SN branch” produce only very little 56Ni. For faint SNe
the explosion energy is so small, probably because of the large gravitational
potential, that most 56Ni falls back onto the compact remnant.

5.3 Asymmetry

All hyperenergetic SNe Ic show some signatures of asymmetry, or at least of
a departure from purely 1-dimensional spherically symmetric models. This
may support the case for their connection with at least some GRBs.

Only for SN 1998bw and the recent SN 2003dh/GRB 030329 is the con-
nection with a GRB well established. In the other cases, either a GRB was not
generated or, if it was, it was weak and/or not pointing toward us. The issue
of directionality is very important. If hypernovae are aspherical, objects with
the same 56Ni mass should show a range of properties, reflecting different
orientations. These objects may look very different at early phases, display-
ing different light curves, velocities, and abundances. At late times, these
effects should disappear. So far, however, this evidence is missing. Further
observations of supernovae in GRBs are obviously essential (e.g., [3, 39]).
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Plate (Mazzali et al.)

a) Spectra of four Type Ic
supernovae near
maximum: The increasing
width of the
absorption feature 
indicates progressively 
larger explosion
kinetic energies.

b) Spectra of two
GRB−hosting
Type Ic supernovae
("Hypernovae");
SN 1998bw
and SN 2003dh (blue).
(From Tom Matheson)
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Summary. We discuss the possible connection between supernova explosions (SN)
and gamma-ray bursters (GRB) from the perspective of our current understanding
of SN physics. Core collapse supernovae (SN) are the final stages of stellar evo-
lution in massive stars during which the central region collapses, forms a neutron
star (NS) or black hole, and the outer layers are ejected. Recent explosion scenarios
assumed that the ejection is due to energy deposition by neutrinos into the enve-
lope but detailed models do not produce powerful explosions. There is new and
mounting evidence for an asphericity and, in particular, for axial symmetry in sev-
eral supernovae which may be hard to reconcile within the spherical picture. The
3-D signatures are a key to understand core collapse supernovae and the GRB/SN
connection. In this paper we study the effects and observational consequences of
asymmetric explosions.

1 Introduction

Recently, the connection between supernovae (SN) and gamma-ray bursters
(GRB) has been established with the observations of GRB 030329 and the
identification of the underlying SN2003dh [25]. Further evidence is found in
observations of the circumstellar surrounding in GRB 021004, the coincidence
between SN1998bw and GRB 980425 [24], possible identification of the Fe K
line in the X-rays, and some evidence that GRBs are related to star forming
regions. There is a general agreement that the explosion of a massive star is
caused by the collapse of its central parts into a neutron star or, for massive
progenitors, into a black hole. The mechanism of the energy deposition into
the envelope is still debated. For an overview, see [11]. In particular, the
direct collapse of the central region a very massive star to a black hole and
the connection with the newly found hypernovae is a very attractive option
[34].

In recent years, there has been a mounting evidence that the explosions
of massive stars (core collapse supernovae) are highly aspherical.

1. The spectra of core-collapse supernovae (e.g., SN1987A, SN1993J, SN1994I,
SN1999em, SN2002ap) are significantly polarized at a level of 0.5 to 3 %
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Fig. 1. Polarization spectrum for SN1993J for an axis ratio of 1/2 for an oblate
ellipsoid in comparison with observations by Trammell et al. [29] (left plot). On
the right, the dependence of the continuum polarization (right) and directional
dependence of the luminosity is shown as a function axis ratios for oblate ellipsoids
seen from the equator (from [8, 10]).

(e.g., Fig. 1 and [4, 8, 14, 22, 30]) indicating aspherical envelopes by fac-
tors of up to 2 (Fig. 2). The degree of polarization tends to vary inversely
with the mass of the hydrogen envelope, being maximum for Type Ib/c
events with no hydrogen [31]. For SNeII, Leonard et al. [19] and Wang et
al. [32] showed that the polarization and, thus, the asphericity increase
with time. Both trends suggest a connection of the asymmetries with the
central engine. For supernovae with a good time and wavelength coverage,
the orientation of the polarization vector tends to stay constant both in
time and with wavelength. This implies that there is a global symmetry
axis in the ejecta.

2. Observations of SN 1987A showed that radioactive material was brought
to the hydrogen rich layers of the ejecta very quickly during the explosion
(e.g., [19]).

3. The remnant of the Cas A supernova shows rapidly moving oxygen-rich
matter outside the nominal boundary of the remnant and evidence for
two oppositely directed jets of high-velocity material [5].

4. Recent X-ray observations with the CHANDRA satellite have shown an
unusual distribution of iron and silicon group elements with large scale
asymmetries in Cas A [13].

5. After the explosion, neutron stars are observed with high velocities, up
to 1000 km/s [27].

6. Direct HST-images from 11 June 2000, are able to resolve the inner debris
of SN1987A showing its prolate geometry with an axis ratio of ∼ 2 [11,
32].

2 Jet-Induced Supernovae and Observations

In SNe, electron scattering is the main mechanism to polarize the light. It can
be caused by asymmetries in the density, abundances or excitation structure
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Fig. 2. Definition of the polarization and schematic diagram for its production. The
dotted lines give the main orientation of the electrical vectors. For an unresolved
sphere, the components cancel out. Three main mechanisms can be distinguished.
P̄ can be caused by 1) an aspherical envelope, 2) shading parts of the disk, or by
3) an aspherical excitation/ionization (from [9]).

of an envelope. In general, the supernovae ejecta cannot be spatially resolved.
Although the light from different parts of a spherical disk is polarized, the
resulting polarization P̄ is zero for the integrated light (Fig. 2). To produce
P̄ , three basic configurations must be considered. The envelope is aspherical,
parts of the disk are shaded, and the envelope may be illuminated by an “off-
center” source. In case 2, the shading may be either by a broad-band absorber
such as dust or a specific line opacity. In the latter case, this would produce
a change of P̄ in a narrow line range (Fig. 4). In reality, a combination
of all cases is realized (see below). Quantitative analyses are need to take
into account that the continua and lines are formed in the same layers (e.g.,
Fig. 1).

We have numerically studied the explosion of core collapse supernovae
caused by supersonic jets generated in the center of the star to ask for the
jet-properties needed to reproduce observations. The initial stellar structures
are based on stellar evolution calculations [26]. The explosion and jet prop-
agation are calculated by a full 3-D code within a cubic domain. The Eu-
ler equations are integrated using an explicit, second-order accurate, Go-
dunov type (PPM, [3]), adaptive-mesh-refinement, massively parallel, Fully-



406 P. Höflich et al.

Threaded Tree (FTT) program, ALLA [16]. The subsequent evolution, LCs
and spectra are calculated by using modules of our hydrodynamical radiation
transport code for spherical and full 3-D (HYDRA) [12]. This code includes
modules for hydrodynamics using PPM (without mesh refinement), detailed
networks for nuclear processes and for atomic, non-LTE level populations,
and radiation transport (with mesh-refinement). Its components have been
used to carry out many of the previous calculations to analyze light curves,
flux and polarization spectra of thermonuclear and supernovae ([7] ... [12]).

2.1 General Results

We simulated the process of the jet propagation through the star, the redis-
tribution of elements, and radiation transport effects. Qualitatively, the jet-
induced picture allows to reproduce the polarization observed in core collapse
supernovae. Both asymmetric ionization and density/chemical distributions
are crucial for the production of P . Even within the picture of jet-induced
explosion, the latter effect alone cannot (!) account for the large P produced
in the intermediate H-rich layers of core-collapse SN with a massive H-rich
envelopes (e.g., SN1987A and SN1999em).

A strong explosion and a high efficiency for the conversion of the jet en-
ergy requires low jet velocities or a low, initial collimation of the jet. With
increasing extension of the envelope, the conversion factor increases. Typi-
cally, we would expect higher kinetic energies in SNe II compared to SNe Ib/c
if a significant amount of explosion energy is carried away by jets. Within
the framework of jet-induced SN, the lack of this evidence suggests low jet-
velocities. The He, C, O and Si rich layers of the progenitor show charac-
teristic, butterfly-shape structures, and jets bring heavy elements (e.g., 56Ni
into the outer layers). Due to the high entropies of the jet material close to
the center, this may be a possible site for r-process elements. Moreover, as-
pherical explosion models show a significantly increased fall-back of material
on the central object, e.g., a neutron star, on time scales of minutes to hours
which may trigger the delayed formation of a black hole. Fallback and the
low velocity material may alter the escape probability for γ-rays produced by
radioactive decay of 56Ni which is critical for mass estimates of 56Ni which
are based on late time observations (e.g., SN1998bw). For more details, see
[11, 17].

2.2 SN1987A and SN1999em

In our models for these SNe II, the jet material stalls within the expanding
envelope corresponding to a velocity of ∼ 4500 km s−1during the phase of
homologous expansion. In SN1987A, a bump in spectral lines of various el-
ements has been interpreted by material excited by a clump of radioactive
56Ni (Lucy 1988). Within our framework, this bump may be a measure of
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Fig. 3. Polarization produced by an aspherical, chemical distribution for an extreme
SN IIP model such as SN1999em (see text).

the region where the jet stalled. This could also explain the early appearance
of X-rays in SN1987A which requires strong mixing of radioactive material
into the hydrogen-rich layers, and the overall distribution of elements in the
resolved HST images of the inner debris of SN 1987A. For both SN1987A and
SN1999em, aspherical excitation by hard radiation is found to be crucial to
explain the size and presence of the polarization observed early on (Fig. 4).
For the extreme SN IIP 1999em (Fig. 3), our model is based on a star with
15 solar masses and an explosion energy of 2 × 1051 erg. The initial density
profile is given for a star at the final stage of stellar evolution for metallicities
Z of 0.02, 0.001 and 0 (models 15a, 15b, 15z, upper left panel). For the explo-
sion, we use model 15a. In the upper, middle panel, the chemical distribution
of He is given at 250 sec for the He-rich layers after the jet material has
stalled. The several curves correspond to He mass fractions of 0.0, 0.18, 0.36,
0.72, and 1.0, respectively. The subsequent explosion has been followed in
1-D up to the phase of homologous expansion. In the upper, right panel, the
density distribution is given at about 5 days after the explosion. The steep
gradients in the density in the upper right and left panels are located at
the interface between the He-core and the H-mantel. In the lower, left panel,
the resulting bolometric LCs are given for explosion energies of 2 × 1051 erg
(dotted line) and 1 × 1051 erg, respectively. Based on full 3-D calculations
for the radiation and γ-ray transport, we have calculated the location of the
recombination front (in NLTE) as a function of time. The resulting shape
of the photosphere is always prolate. The corresponding axis ratio and the
polarization seen from the equator are shown (lower, right panel). Note the
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Fig. 4. Spectropolarimetry of SN2002ap at about -6d, -2d and +1 relative to
maximum light in V. An intrinsic polarization component (shown as a solid dot)
is subtracted from the observed Stokes Parameters so that the data points present
the intrinsic polarization of the SN. The dashed line illustrates the dominant axis
of the polarization. There has been a distinct shift and, perhaps, a small rotation of
the axis in the Q-U plane during the early epochs, and the spectra are dominated
by FeII, NaI D and OI. In the spectrum at about 1d after maximum, the original,
dominant axis has shifted further in the Q-U plane, and a new axis starts to appear
at an angle of about 110o defined by Ca II H &K and Ca II IR triplet.

strong increase of the asphericity after the onset of the recombination phase
between day 30 to 40 [11]. For the polarization in a massive, H-rich envelope,
P is linked to the recombination process and asymmetric excitation.

2.3 SN 2002ap

SN 2002ap has attracted much attention because early spectra showed a lack
of hydrogen and helium characteristic of SN Ic and broad velocity components
[6, 15, 21], which have been taken as one characteristic of “hypernovae.” The
nature, existence of, and importance of hypernovae remains to be clarified,
and the study of SN 2002ap presents an important opportunity to shed light
on the general category of hypernovae. and their relation to typical SNe Ic
such as SN1994I. High-quality spectropolarimetry (range 417-860 nm; spec-
tral resolution 1.27 nm) of SN 2002ap was obtained with the ESO Very Large
Telescope Melipal (+ FORS1) at 3 epochs that correspond to -6, -2, and +1
days for a V maximum of 9 Feb 2002. The polarization spectra show three
distinct broad (∼ 100 nm) features at ∼ 400, 550, and 750 nm that evolve
in shape, amplitude and orientation in the Q-U plane. The continuum po-
larization grows from nearly zero to ∼ 0.2 percent. The 750 nm feature is
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polarized at a level ≥ 1 percent. We identify the 550 and 750 nm features
as Na I D and OI λ 777.4 moving at about 20,000 km s−1. The blue feature
may be Fe II. We interpret the polarization evolution in terms of the impact
of a bipolar flow from the core that is stopped within the outer envelope of
a carbon/oxygen core and, consequently, the Ca features show up only at
about maximum light. The interpretation of a stalled jet is also supported by
IR-spectra taken by C. Gerardy and M. Meikle (2002, private communica-
tion) which show strong CI lines (940.5 and 1070. nm) at expansion velocities
of ∼ 15, 000 to 25, 000 km s−1but not, as in SNe Ia, the strong 1600 to 1900
nm feature due to Fe/Co/Ni. Although the symmetry axis remains fixed,
the photosphere retreats by different amounts in different directions due to
the asymmetric velocity flow and density distribution geometrical blocking
effects leading to a continuous shift with time of the main axis of polar-
ization. At about maximum light, the appearance of an additional axis in
a Q-U plane due to Ca and processed material indicates a second axis of
symmetry. Qualitatively and within the picture of jet-induced supernovae
this may be explained by bipolar-jets which are not perfectly aligned and,
thus, produce a kick of the central region (e.g., neutron star and processed
material). Detailed radiation-hydro calculations are under way. We conclude
that the features that characterize SN 2002ap, specifically its high velocity,
can be accounted for in an asymmetric model with a larger ejecta mass than
SN 1994I such that the photosphere remains longer in higher velocity mate-
rial. The characteristics of hypernovae may be the result of orientation effects
in a mildly inhomogeneous set of progenitors, rather than requiring an ex-
cessive total energy or luminosity. In the analysis of asymmetric events with
spherically symmetric models, it is probably advisable to refer to “isotropic
equivalent” energy, luminosity, ejected mass, and nickel mass. This aspect
may also be relevant for the interpretation of the hypernova SN1998bw.
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Summary. From both photometric and broadband spectral monitoring of γ-ray
burst (GRB) lightcurve “bumps,” particularly in GRB 011121, a strong case grew
for a supernova (SN) origin. The GRB-SN connection was finally solidified beyond
a reasonable doubt with the discovery that the bump in GRB 030329 was spec-
troscopically similar to a bright Type Ic SN. In light of this result, I re-assess the
previous SN bump claims and conclude that: 1) the distribution of GRB-SN bump
peak magnitudes is consistent with the local Type Ib/c SNe peak distribution and
2) the late-time bumps in all long-duration GRBs are likely supernovae.

1 Introduction

The connection of GRBs to supernovae (SNe) – and hence the death of mas-
sive stars – was explored theoretically [7] even before the discovery of GRBs.
In the subsequent discovery paper, Klebesadel, Strong, & Olson [15] reported
on a catalog search for SNe coincident in time and position with the first 13
GRBs known. In retrospect, the lack of a clear association is easy to explain:
not only were SNe sparsely discovered, but the highest redshift SN discovered
by 1973 (SN 1968P; z = 0.11) was less than the redshift of all ∼35 classic
GRBs redshifts known today. With the development of a model for the pro-
duction of a GRB from a collapsing massive star [23], came renewed interest
in the possibility of a GRB–supernova connection. The modern form of, and
new spins on, Woosley’s collapsar was presented in great detail by Andrew
MacFadyen (this meeting).

The discovery of the low redshift SN 1988bw, a bright type Ic associated
with GRB 980425 [9] implied that massive stars were capable of producing
at least some incarnation of a GRB; the low energy release of GRB980425
compared with all other known cosmological GRB energies suggests it may
be only a sub-class of GRBs [1]. Attempts to theoretically unify GRB980425
with the majority of the long-duration cosmological (z > 0.1) bursts fall short
of explaining all the observational differences (see papers by Iwamoto and by
Patat at this meeting).

Our discovery of a faint red light curve “bump” superimposed on the af-
terglow of GRB 980326 [2] was the first suggestion of a SN associated with
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a cosmological GRB. Supernovae-like features were later found photometri-
cally in a number of bursts, some more plausible than others; the principal
difficulty is that SNe peak at a brightnesses comparable to their respective
host galaxies (see Fig. 1; [4, 5]). Our multicycle effort on HST was designed to
search for late-time afterglow features and discriminate between other phys-
ical models for such emission. While a few bursts showed no evidence for
a SN (e.g., [20]), the late-time multicolor HST light curve and broadband
spectra of GRB011121 was reliably modeled by a bright Type Ic supernova
that occurred nearly contemporaneously with the GRB [3]. Moreover, this
was the first burst for which the data were of high enough quality to statisti-
cally demonstrate that the afterglow propagated in a wind-stratified medium
rather than a constant-density ISM [19]. I recently reviewed the pre-2003
evidence for the GRB-SN connection in [5].

2 GRB 030329 and Beyond

While the case was rather strong for late-time emission bumps as being due
to underlying supernovae [5], the definitive direct spectroscopic evidence was
found only recently with the low-redshift (z = 0.17; [11]) GRB030329. For
this burst, a number of groups [8, 12, 14, 22] found a bump with super-
nova absorption features indicative of very high velocity ejecta. The close
evolutionary track of this apparent supernova (2003dh; [10]) with SN 1998bw
should quell any remaining doubt that long-duration GRBs are produced in
the death of massive stars.

The rare proximity of this event allowed for high-precision coverage from
the ground around the SN peak (e.g., [16, 17]). Using optical/IR imaging at
the CTIO 1.3m to infer the line–of–sight dust extinction, we inferred that the
SN was roughly 0.3 mag brighter at peak than the bright Type Ic 1998bw [6].
Since the precise peak SN magnitude depends on the line–of–sight extinction
toward the GRB, it is imperative to infer extinction from the early afterglow
in future events. With new dedicated robotic IR systems and space-based
UV imaging, the broadband spectral coverage (from 0.1 to 2 µm) of Swift
afterglows should routinely be used to infer line-of-sight extinction.

The peak brightness and early evolution of SN 2003dh, when compared to
1998bw, enabled estimates of the total mass of the ejecta (8 M�), synthesized
56Ni mass (0.35 M�), and mass of the progenitor (∼35 M�) [18]. At this
meeting, I suggested that a great deal more could be learned with a concerted
long-term effort on HST to resolve and follow the evolution of the SN as it
faded below the integrated brightness of the host galaxy. A measurement of
the polarization of the light curve during the decay phase would constrain
the asphericity of the emission region [13, 24]. If the late-time evolution of SN
2003dh was indeed powered by radioactive decay of 56Co to 56Fe, then the
time history of the integrated luminosity would also determine the amount of
synthesized 56Ni (now only inferred by scaling 1998bw). To be sure, leakage
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Fig. 1. The difficulty of detecting supernovae associated with GRBs: the magnitude
of the host galaxy versus the peak magnitude of the putative bump (in whichever
optical filter the peak bump magnitude was reported). Above the dashed line,
bump magnitudes are fainter than the integrated light of the host galaxy. The cir-
cles are measurements where only ground-based imaging was used and squares are
measurements derived also using Hubble Space Telescope (HST) imaging. Relative
significances of the reliability of the bump detection were assigned by the author
based roughly on the number of detections of the bump above the host light and
the photometric error reported on the bump peak. Updated (from [5]) with new
bumps in GRB 030329 and GRB 021211, reported at this meeting.

of γ-rays produced by radioactivity from the expanding nebula would make
the late-time decay steeper than a pure 56Co exponential.

Though some of the details of SN 2003dh have not been flushed out ob-
servationally, it seems clear that a bright core-collapse supernova and GRB
030329 occurred nearly simultaneously (to less than 1 week) [16, 17]. A
pressing question is now whether a supernova accompanies all long-duration
GRBs. On this point, a brief caution: while bumps have been claimed in more
than 10 events, a number of these may be spurious due to improper subtrac-
tion of the host light. Fig. 1 shows a compilation of the peak brightnesses of
all late-time bumps reported to-date in comparison with the total magnitude
of the respective host galaxy. Five bumps have been found to peak within
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Fig. 2. Comparison of the peak magnitudes of GRB-SNe with those of local Type
Ib/Ic SNe. The solid cumulative histogram to the left is for those GRBs with a
believable detection of a SN bump; the brightnesses of all other claimed GRB-SN
peaks or reported upper-limits are shown as a dotted histogram. The solid histogram
to the right is for those local Ib/c SNe for which the SN was observed before peak;
all others were discovered after peak. The faintest GRB-SN non-detection (GRB
010921) only probes the top ∼40th-percentile of local Type Ib/Ic SNe. It is clear
that current GRB-SNe population may have only revealed the tip of the iceberg;
plausibly, then, SNe could accompany all long-duration GRBs. Compilation of local
Ib/c SNe from [21].

0.3 magnitudes of hosts at ∼24–26 mag, uncomfortably close for photometric
differencing at such faint levels.

Of the bursts with redshift, I believe that only GRBs 030329, 020405,
970228, and 011121 can be legitimately claimed as true detections of SN-
like bumps related to a GRB. This statement is not intended to imply that
SNe do not accompany long-duration GRBs. Instead, the SN peaks may
simply have fallen below the detection threshold of the instrument and/or
the brightness of the host galaxy. How do these non-detections compare with
the expected brightnesses of GRB-SNe? Even if all GRB-SNe are of type
Ib/c, it is important to note that there is no a priori theoretical reason to
require that all GRB-SNe should be identical: observed local Type Ib/c SNe
show rather diverse light curves, peak brightnesses and spectral evolution.
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Thus, the simplest assumption is that the peak magnitude distribution of
GRB-SNe should follow the distribution of local Type Ib/c SNe.

Figure 2 shows a comparison of the distribution of absolute B-band peak
magnitudes GRB-SNe (with known redshift) and local Ib/c SNe. After cor-
recting for the extinction due to dust in our Galaxy, I have (simplistically)
k-corrected the observed (or lower-limit) peak magnitude to the rest frame B-
band using the observed redshift and assuming a blackbody spectrum peaked
in the rest frame V -band. The uncertainty introduced by this approximation
on an individual MB is likely less than 0.5 mag. From the figure, it is clear
that most GRB-SNe detections (or limits) only probe the bright end of the
local Ib/c population. In fact, the deepest non-detection of a GRB-SN (GRB
010921) only probes the brightest 40th percentile of local Ib/c SNe. From
Fig. 2, it is reasonable to conclude that the observed supernovae related to
GRBs have only probed the tip of the iceberg of a plausible brightness distri-
bution. A systematic survey of late-time bumps from nearby (z ∼< 0.5) Swift
bursts will test this hypothesis.
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Summary. Long duration gamma-ray bursts are associated with the death of mas-
sive stars as earlier observations and theoretical arguments had suggested. Super-
nova 2003dh observed with GRB030329 confirms this picture. Current progress in
developing numerical special relativistic hydrodynamics codes with adaptive mesh
refinement is allowing for high-resolution simulations of relativistic flow relevant for
simulations of GRBs.

Long Gamma-Ray Bursts

Gamma ray bursts (GRBs) are the most luminous explosions in the universe,
briefly out shining all other sources in the sky. As is well known, GRBs
were discovered by military satellites in the late 1960s and have fascinated
scientists ever since. We now believe that the common long variety of these
bursts mark the death of stars many times more massive than our Sun (M
>∼20 M�) and are the birth cries of rotating stellar mass black holes (or highly
magnetized rapidly rotating neutron stars). The energetic supernova 2003dh,
discovered on March 29, 2003 underneath the fading glare of a long GRB and
widely discussed at this meeting, confirms this picture.

GRBs are defined as short (τ ∼ 10s) non-thermal bursts of >∼100 keV
gamma rays. They exhibit diverse light curves but fall into two general classes
defined by total durations above and below ∼ 2 s. Long GRBs have mean
detected durations of 35 seconds, comprise roughly 2/3 of all the total GRB
population and have softer spectra than their shorter duration cousins. Some
vary on millisecond timescales, others shut off completely for a few seconds
and then turn back on, some last over 2000 seconds. The rapid detected
variability (< 1 µs) and the large energy (≈ 1052 erg) point to a stellar
mass compact object as the “central engine” powering the GRB explosion.
However, the duration of long GRBs is millions of dynamical times for such
a dense object. Theoretical models must explain the discrepant timescales.

Among the many early theories attempting to explain GRBs was the
emergence of a shockwave from a star during a supernova explosion. Accord-
ing to the collapsar model [4] some stars manage to produce asymmetric
outflows traveling at 99.999% the speed of light. Such ultra-relativistic out-
flows are required to produce the non-thermal spectrum and rapid variability.
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Fig. 1. Relativistic Blast Wave: Planar slice through a three-dimensional simulation
of a spherical relativistic blast wave. Nine levels of adaptive mesh refinement were
used to resolve the thin relativistically expanding spherical shell at radius 2.75.
Each box is a block of 8×8×8 zones. The Lorentz factor of the shell at this time is
120. The effective resolution of the simulation is 40963. It was run on 256 processors
of the IBM SP Seaborg supercomputer at NERSC for twelve hours.

GRBs are now thought to be roughly ten times as energetic as supernovae in
terms of the kinetic energy of the explosive outflow. A key question is why
the explosion energy is concentrated in so little mass (10−5 solar masses) in
a GRB instead of several solar masses in an “ordinary” supernova. In both
cases much more energy (1053 ergs) may be released as neutrinos and yet
more in gravitational waves. Understanding the total energetics of GRB ex-
plosions and the partitioning between the various channels (photon energies
from gamma-rays to radio, neutrinos, gravitational waves) is critical to fully
understanding GRBs.

Observable GRBs occur roughly once every 10 million years per galaxy.
X-ray observations indicate that GRBs are beamed to about 1% of the sky so
the true rate is higher: one per 100,000 years per galaxy. Since the supernova
rate is about one per 100 years per galaxy, roughly 1/1000 supernova make a
GRB. A key question is what special circumstances cause the star to make a
GRB. It may be the formation of a black hole, a highly magnetized neutron
star (magnetar) or a supermassive spinning neutron star.

Collapsars

The collapsar model proposes [4] that some rotating massive stars, more
than about 25 times the mass of the Sun, fail to explode in the ordinary
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Fig. 2. Relativistic Kelvin–Helmholtz Instability: A mildly relativistic shearing
layer with velocity 0.25 c and density 1 above and velocity -0.25 c and density of 5
below and a sinusoidal vertical velocity perturbation.

way thought to produce normal neutron stars. Instead the core of the star
collapses to form a black hole. If the star is spinning sufficiently rapidly when
it collapses, the gas in the star swirls into the new black hole by forming
an accretion disk. The release of gravitational energy is thought to power a
jet-like outflow along the rotational axis of the star. In addition the disk may
sustain magnetic fields capable of extracting rotational energy directly from
the black hole. Since gas falls immediately along the rotation axis where
there is no centrifugal barrier, the polar regions of the star drain quickly
into the black hole. As accretion disk energy is deposited in this low density
channel by magnetic processes, perhaps aided by neutrino annihilation, a fast
beamed outflow forms. The stellar gas remaining along the poles is shock
heated and much of it is pushed sideways. Eventually the jet breaks out of
the star and accelerates to ultra-relativistic speeds (See Fig. 1). Much of the
gas attempting to accrete is expelled from the accretion disk since it can not
cool. This outflowing gas and shockwaves from the jet explode the star. The
collapsar model predicts an exploding star with every long GRB. Since hot
gas flowing out in the star can form 56Ni, some of these stellar explosion
should be observable as supernovae beneath the glare of the fading optical
counterpart of the GRB. Furthermore the star must have been small in radius
when it died so that the relativistic jet can escape the star while it is still
being powered by the accretion disk. Such a star should appear as a Type
Ib/c supernova. SN2003dh was indeed of this type.

It is also possible that an highly magnetized rapidly spinning neutron is
formed. This magnetar may act like a supercharged pulsar that accelerates a
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Fig. 3. Flowchart: Evolutionary paths leading to stellar explosions. SN = supernova
explosion. GRB = Gamma-ray burst and XRF = X-ray flash.

magnetically dominated flow. In both scenarios, the jet may be composed of
extremely relativistic particles which manage to escape the star and travel far
away before internal collisions dissipate energy and emit the gamma-rays we
observe. Alternatively, the outflow may be magnetically dominated plasma
with few particles that dissipates energy through plasma instabilities. A com-
binations of particles and magnetic fields is also possible. A key question is
the degree to which instabilities can mix material into the jet.

Ni Production

It is important to note that models for long GRBs must explain the large
amount of 56Ni observed in the explosion. The Type Ibc supernovae observed
so far shine principally because of radioactive decay of the Ni. In the collapsar
models this Ni is though to be produced from gas that is ejected from an
accretion disk [4]. The jet itself is not hot enough to synthesize the Ni and
does not contain very much mass.

Relativistic Blastwaves

Recent fundamental progress in understanding the physics of GRBs and their
environment has resulted from detailed comparison between observed light
curves and theoretical models for relativistic blast waves e.g., [3]. The data
to be obtained by the SWIFT satellite requires accurate theoretical models
of GRB jet dynamics to address fundamental questions:
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How do relativistic jets spread as they decelerate? What is the lateral
dynamics of the post shock material? How do multi-dimensional dynamical
effects alter a structured jet? How do multi-dimensional jets interact with
various external mass distributions: stellar wind, constant density, clumpy
medium? How does late-time or slower ejecta interact with the decelerated
blast wave when it catches up? What is the structure of refreshed shocks
when they occur? Are relativistic blast waves stable to small perturbations?
Can they disrupt on an outflow timescale?

All of these questions are critical for accurate modeling of SWIFT GRB
data.

Code Development

Recent progress has been made developing high-order special relativistic hy-
drodynamics code using adaptive mesh refinement (AMR) to allow high res-
olution simulation of GRB jets in two and three dimensions [1, 7]. With
sufficient development we will be capable of fully resolving relativistic blast
waves relevant for GRBs in multi-dimensional computer simulations. With
the code, we perform fully resolved multi-dimensional simulations of a jet-
ted relativistic blast wave from the ultra-relativistic phase, described by the
Blandford-McKee solution [2], to the trans-relativistic spreading phase as
swept up ambient medium decelerates the flow (Figure 1). Comparison of
synchrotron emission to be calculated from our simulations with afterglow
light curves from SWIFT GRBs will constrain jet structures and test ana-
lytic treatments of relativistic fluid dynamics.

Preliminary tests have shown that we have sufficient resolution (effective
resolution of 40963 and higher) in three dimensions using Cartesian coordi-
nates (avoiding coordinate singularities). AMR is ideally suited to this prob-
lem because relativistic blast waves form extremely thin structures requiring
resolution of δr/r <∼1/4Γ 2 but are not volume filling. We fully resolve the thin
shells (sometimes referred to as pancakes in the GRB community) as they
propagate, but use coarser resolution in the smooth regions in front of and
behind the blast wave.

Previous studies have treated the jet evolution with various one-dimensional
simplifications to the dynamics. There has been some work done in 3D but it
is with diffusive hydro schemes and were very far from the resolution required
to resolve the jet structure. This problem requires the resolution achievable
with high order algorithms with adaptive mesh refinement on massively par-
allel super-computers.

The code already runs in three-dimensions and runs on massively parallel
computers at NERSC. Our project is at a critical juncture because so much
has been accomplished in a short time of collaborative work. Our project will
benefit enormously from several sustained visits where the team can work
collaboratively.
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Relativistic blast waves are ideally suited for AMR because they form
extremely thin structures which do not necessarily fill the computational
volume. To correctly solve for the dynamics of a relativistic blast waves it
is necessary to resolve characteristic scales of δr

r
<∼

1
16Γ 2 . For Γ ∼ 100 this

requires that zones of width δr <∼6.25−6r. To grid the entire volume with
sufficient resolution would require (1.6 × 105)n zones where n is the number
of spatial dimensions.

Fig. 1 shows a thin spherical shell formed as a fireball deposited at the
center expands. Most of the volume is smooth and well resolved with low
refinement (large blocks).

Our simulations will be of sufficient quality that comparison with SWIFT
light curves may allow for confirmation of the dynamics of relativistic shock
waves. Preliminary tests on 512 processors of a parallel supercomputer
(Seaborg at NERSC) confirm that we have more than sufficient resolution to
resolve 3D.

Mixing

Compactness arguments require that GRB jets be ultra-relativistic during the
gamma-ray emitting phase. This requires that they maintain an extremely
large energy to mass ratio (η ≡ E

m
>∼100) as they are born and propagate.

A key unanswered question is whether or not GRB outflows can remain suf-
ficiently clean or whether baryons will be mixed in to the flow lowering the
maximum asymptotic Lorentz factor below the values required by observa-
tions. This problem is especially relevant for collapsars in which the jet must
propagate through a star. Do shear instabilities and microscopic mixing pro-
cesses load unacceptably large numbers of baryons into the jet? What is he
the timescale for the mixing? Can pressure gradients and centrifugal barriers
repel material from the jet core along the rotation axis? Some aspects of these
questions are addressable with numerical simulation. AMR can be helpful for
initial phases of evolution before inhomogeneities fill the simulation volume.
Even then, our code is capable of simulating high resolution throughout the
volume when run on massively parallel machines. Fig 2, shows a calculation
of the relativistic Kelvin-Helmholtz instability. Such shear instabilities can
be suppressed for ultra-relativistic flows. We can track mixing in these flows
by adding multiple fluids to our calculations.

An important advance in the study of GRB physics is the development of
new high resolution special relativistic hydrodynamics code using adaptive
mesh refinement (AMR) [7]. These are the first codes capable of fully re-
solving relativistic blast waves relevant for ultra-relativistic GRB blastwaves
in multidimensional computer simulations. It is now possible to perform the
first fully resolved multidimensional simulations of a jetted relativistic blast
wave from the ultra-relativistic phase, described by the Blandford-McKee so-
lution, to the trans-relativistic spreading phase as swept up ambient medium
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decelerates the flow. Comparison of synchrotron emission to be calculated
from these simulations with afterglow light curves from SWIFT GRBs will
constrain jet structures and test analytic treatments of relativistic fluid dy-
namics.

Future simulations will be of sufficient quality that comparison with
SWIFT lightcurves may allow for confirmation of the dynamics of relativis-
tic shockwaves. Preliminary tests on 512 processors of a parallel supercom-
puter (Seaborg at NERSC) confirm that we have more than sufficient resolu-
tion to resolve 3D. Such calculations are critical for interpreting the detailed
lightcurves of GRBs to be discovered by SWIFT.

Future Prospects

The present and future is bright for GRB research. The HETE-II satellite
is currently in orbit contributing valuable localizations of GRBs including
GRB030329. The SWIFT satellite is scheduled for launch this Spring (2004).
The principle problem for observing GRBs has been the very fact that they
release energy on rapid timescales. In order to the take full measure of the
photon output of GRBs integrated over all wavelengths, it is necessary to ob-
serve the GRB rapidly with instruments tuned to a wide range of wavelengths.
In addition to their gamma-ray emission much energy is released in the X-ray
through radio bands. We need to detect GRBs from space (gamma-rays are
absorbed by the atmosphere and don’t reach Earth) and quickly determine
accurate positions on the sky so that other satellites (HST Chandra) and
Earth-based telescopes (Keck, VLT) can search for their emission. HETE is
doing this now and SWIFT will soon. We can look forward to exciting new
discoveries.

References

1. M.A. Aloy, J.M. Ibáñez, J.M. Mart́ı, E. Müller: Astrophys. J. Suppl. 122,
151 (1999)

2. R.D. Blandford, C.F. McKee: Phys. Fluids 19, 1130 (1976)
3. P. Kumar, J. Granot: Astrophys. J. 591, 1075 (2003)
4. A.I. MacFadyen, S.E. Woosley: Astrophys. J. 524, 262 (1999)
5. A.I. MacFadyen, S.E. Woosley, A. Heger: Astrophys. J. 550, 410 (2001)
6. W. Zhang, S.E. Woosley, A.I. MacFadyen: Astrophys. J. 586, 356 (2003)
7. W. Zhang, A.I. MacFadyen: In preparation



How Common are Engines
in Ib/c Supernovae?

Edo Berger

Division of Physics, Mathematics and Astronomy, 105-24, California Institute of
Technology, Pasadena, CA 91125
ejb@astro.caltech.edu

Summary. The association of γ-ray bursts (GRBs) and core-collapse supernovae
(SNe) of Type Ib and Ic was motivated by the detection of SN 1998bw in the error
box of GRB 980425 and the now-secure identification of a SN 1998bw-like event in
the cosmological GRB 030329. The bright radio emission from SN 1998bw indicated
that it possessed some of the unique attributes expected of GRBs, namely a large
reservoir of energy in (mildly) relativistic ejecta and variable energy input. Here we
discuss the results of a systematic program of radio observations of most reported
Type Ib/c SNe accessible to the Very Large Array, designed to determine the frac-
tion of Type Ib/c SNe driven by an engine. We conclude that: (i) the incidence of
such events is low, < 3%, and (ii) there appears to be a clear dichotomy between the
majority of hydrodynamic explosions (SNe) and engine-driven explosions (GRBs).

1 Hydrodynamic vs. Engine Driven Explosions

Stellar explosions can be characterized by their kinetic energy, EK , and the
mass of the ejecta, Mej. Equivalently one may consider EK and the mean
initial speed of ejecta, v0, or the Lorentz factor, Γ0 = [1 − β2

0 ]−1/2, where
β0 = v0/c. In this context, supernovae (SNe) and γ-ray bursts (GRBs), are
distinguished by their ejecta velocities: v0 ∼ 104 km s−1 as inferred from
optical absorption features (e.g. [9]), and Γ0 > 100, inferred from the non-
thermal prompt emission [14, 20], respectively.

In the conventional interpretation, Mej for SNe is large because EK is
derived from the (essentially) symmetrical collapse of the core and the energy
thus couples to all the mass left after the formation of the compact object.

GRB models, on the other hand, appeal to an engine — a stellar mass
black hole, which accretes matter on many dynamical timescales and pow-
ers relativistic jets (the so-called collapsar model; [24]). Observationally, this
model is supported by the complex temporal profiles and long duration of
GRBs, their high Lorentz factors, a high degree of asymmetry [12], and
episodes of energy injection.



426 Edo Berger

2 SN 1998bw: An Engine Driven Supernova

The unusual SN 1998bw shares some of the unique attributes expected of
GRBs. This Type Ic SN coincided in time and position with GRB980425 [13],
for which the inferred isotropic energy in γ-rays was only 8 × 1047 erg [22],
three to six orders of magnitude fainter than typical GRBs. More importantly,
SN 1998bw exhibited unusually bright radio emission indicating about 1050

erg of mildly relativistic ejecta as well as variable energy input [16]. To date
these features have not been seen in any other nearby SN. Thus, the empirical
data strongly favor an engine in SN 1998bw.

Two scenarios for the origin of SN1998bw and its relation to GRBs have
been proposed: (i) GRB980425 may have been a typical burst but viewed
well away from the jet axis (hereafter, the off-axis model), and (ii) SN 1998bw
represents a different class of SNe.

A powerful discriminant between these two scenarios is the expected rate
of SN 1998bw-like events. In the off-axis model, the fraction of Type Ib/c SNe
that are powered by a central engine is linked to the mean beaming factor
of GRBs, fb (e.g. [12]); a recent estimate is 〈f−1

b 〉 ∼ 500 [12]. Coupled with
an estimated local GRB rate of ∼ 0.5 Gpc−3 yr−1 [23] compared to a Type
Ib/c SN rate of ∼ 4.8 × 104 Gpc−3 yr−1 [6, 10, 17], we expect that ∼ 0.5%
of Type Ib/c SNe will be similar to SN1998bw.

On the other hand, if SN 1998bw is not an off-axis burst, then the rate of
similar events has to be assessed independent of the GRB rate. In this context,
Norris (2002) [19] has argued that of the 1429 long-duration BATSE bursts,
about 90 events possess similar high-energy attributes as that of GRB980425.
This number corresponds to about 25% of Type Ib/c SNe within 100 Mpc.

3 A VLA Survey of Type Ib/c Supernovae

Our basic hypothesis is that (mildly) relativistic ejecta are best probed by
radio observations, as was demonstrated in the case of SN1998bw. To this
end we began a program of observing most reported Type Ib/c SNe with the
Very Large Array in late 1999 [3].

Figure 1 provides a succinct summary of the radio lightcurves and upper
limits. Three strong conclusions can be drawn from this Figure. First, SNe as
bright as SN 1998bw are rare; we find a limit of < 3% from our survey. Second,
there is significant dispersion in the luminosities of Type Ib/c SNe. Finally,
the radio emission from SNe (including SN1998bw) is orders of magnitude
dimmer than that of GRB afterglows.

3.1 Expansion Velocities and Energetics

In the framework of synchrotron self-absorption, the peak time and peak
luminosity directly measure the mean expansion speed of the fastest ejecta
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Fig. 1. Radio lightcurves of Type Ib/c SNe detected in this survey and from the
literature, as well as upper limits for the non-detections (Ref. [3] and references
therein). We also include the radio lightcurves of GRB 970508 [11] and GRB 030329
[4]. The uncertainty in time for the non-detections represents the uncertain time of
explosion.

[8]. We infer velocities ranging from v ∼ 104 to 105 km s−1 based on our
detections and upper limits [3].

We also find that the ejecta giving rise to the radio emission from SNe
for which detailed information is available (SN 1984L and SN 2002ap) can be
produced by a hydrodynamic explosion [1, 3]. In fact, the estimated energies
from the hydrodynamic models [7, 15, 18] exceed those inferred from the
radio observations by up to two orders of magnitude. This may indicate that
the total kinetic energies have been over-estimated, possibly as a result of
neglecting a mild asymmetry.

We therefore conclude that none of the SNe observed in our survey and in
the past clearly exhibits the unique characteristics of SN 1998bw: a significant
excess of energy in mildly relativistic ejecta.



428 Edo Berger

0

2

4

6

8

10
Eγ = E(Γ >100)

98
04

25

N
um

be
r

45 46 47 48 49 50 51 52
0

2

4

6

8

10

GRBs / XRFs

Type Ib/c SNe

Eγ + E
K,rad

 = E(Γ ~ 1)

98
04

25

Log[E/(erg)]

N
um

be
r

0

2

4

6

8

10

98
04

25

E
K,x−ray

 = E(Γ >10)

N
um

be
r

Fig. 2. Histograms of the beaming-corrected γ-ray energy [5], Eγ , the kinetic energy
inferred from X-rays at t = 10 hr [2], EK,X , and total relativistic energy, Eγ + EK ,
where EK is the beaming-corrected kinetic energy inferred from the broad-band
afterglows of GRBs [16, 21] and radio observations of SNe. The wider dispersion
in Eγ and EK,X compared to the total energy indicates that engines in cosmic
explosions produce approximately the same quantity of energy, thus pointing to a
common origin, but the ultra-relativistic output of these engines varies widely. In
Type Ib/c SNe, on the other hand, the total explosive yield in fast ejecta (typically
∼ 0.3c) is significantly lower.

4 A Comparison to γ-Ray Burst Afterglows

From Figs. 1 and 2 it is clear that the radio lightcurves of GRB afterglows
and SNe are dramatically different. This has significant implications, namely
none of the Type Ib/c SNe presented in Fig. 1 could have given rise to a
typical γ-ray burst. However, SN 1998bw is unique in both samples: it is
fainter than typical radio afterglows of GRBs but much brighter than Type
Ib/c SNe (Fig. 2).

4.1 Hypernovae

The discovery of broad optical lines and large explosive energy release (greater
than a few FOE) in SN 1998bw prompted some astronomers to use the
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designation “hypernovae” for SN 1998bw-like SNe. Unfortunately, this des-
ignation is not well defined, and has been applied liberally in recent years.

In our framework the critical distinction between an ordinary supernova
and a GRB explosion is relativistic ejecta carrying a considerable amount
of energy. Such ejecta are simply not traced by optical spectroscopy. This
reasoning is best supported by the fact that the energy carried by the fast
ejecta in SN 1998bw and SN 2002ap [1] differ by four orders of magnitude
even though both exhibit broad spectral features at early times and both
have been called hypernovae.

5 Conclusions

First, radio observations provide a robust way of measuring the quantity of
energy associated with high velocity ejecta. This allows us to clearly discrim-
inate between engine-driven SNe such as SN1998bw and ordinary SNe, pow-
ered by a hydrodynamic explosion, such as SN 2002ap [1]. Second, at least
97% of local Type Ib/c SNe are not powered by engines and furthermore
have a total explosive yield of only 1048 erg in fast ejecta. As summarized in
Fig. 2, this indicates that there is a clear dichotomy between Type Ib/c SNe
and cosmic, engine-driven explosions.
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Summary. A “typical” GRB occurs in a star-forming region of a galaxy at a
redshift z∼1. In currently popular models, it is caused by the collapse of a massive
star which has exhausted its nuclear fuel supply. The star collapses to a black hole
threaded by a strong magnetic field, and possibly fed by an accretion torus. Through
a variety of processes, electrons are accelerated and gamma-rays, X-rays, optical
light, and radio emission ensue, with durations from seconds to years. In this talk, I
will review the general observational properties of bursts, their afterglows and host
galaxies, and some of the open questions about them.

1 Introduction

Cosmic gamma-ray bursts are the brightest, if not the most energetic, ex-
plosions in the universe. They are observed at cosmological distances, out to
redshifts of 4.5. This places them at somewhat smaller distances than those
of the most distant quasars, but there is no reason why they could not be
observed to much greater distances, if indeed they are generated there. Their
practical uses are wide-ranging, including such diverse topics as tracing star
formation rates in distant galaxies and probing the reionization epoch, as
well as the study of quantum gravity and relativistic shocks, to name just
a few. For the first 25 years after the announcement of their discovery [23]
it was not at all obvious that gamma-ray bursts were anything but a rela-
tively weak Galactic phenomenon, possibly involving single neutron stars. A
paradigm shift came in 1997, with the discovery of the first X-ray [9], optical
[31], and radio [12] counterparts to bursts. In the 6 years that have followed,
gamma-ray bursts have evolved from a curiosity into a subject of mainstream
astrophysical research. The story of how this happened has been told in two
recent books [22, 28], so it will not be summarized here. This review will con-
centrate on the observational properties of bursts, and what appear today to
be the most promising theoretical explanations of these properties.

2 Observational Properties of the Prompt Emission

A gamma-ray burst (GRB) may last between 10 ms and 1000 s or so, with
a typical value being around 10 s (Fig. 1). During that time, it may be the
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Fig. 1. The gamma-ray burst of December 6 2002. The data are from the Ulysses
GRB experiment, in the 25 - 150 keV energy range.

brightest object in the gamma-ray sky. Most of its electromagnetic energy
comes out in gamma-rays with energies greater than around 25 keV. A strik-
ing feature of the GRB duration distribution is that it is bimodal, with one
group having durations of a few hundred milliseconds, and the other, about
20 seconds. Virtually everything that we know about bursts and their coun-
terparts comes from observations of the “long” class. No counterpart to a
short burst has yet been observed.

The spatial distribution of burst sources is completely isotropic, and the
number-intensity distribution is consistent with a non-Euclidean population
[26], as would be expected from cosmological sources. No convincing evidence
has been found to date which would imply that a single source has ever
emitted more than one burst [17].

GRB energy spectra are diverse, but at their hardest they are perhaps the
hardest of all known astrophysical objects. They have been measured from
∼ 2 keV to 18 GeV. The latter is only an instrumental limit, and there is
no indication that spectra are falling off at the highest energies. At the soft
end of the GRB spectra, there are events which display almost no emission
above several 10’s of keV. These are referred to as “X-ray flashes” or “X-
ray rich GRB’s” [18]. They are identical to GRBs in all other properties.
Fig. 2 compares the general shape of GRB energy spectra with those of other
well-known astrophysical X- and gamma-ray emitters.

Very recently, polarization has been detected in the gamma-radiation from
a burst [7]. The burst was GRB021206 (whose time history appears in Fig. 1),
and the level of polarization was 80%, which suggests the presence of an
ordered magnetic field.
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Fig. 2. GRB energy spectra compared to the spectra of X-ray burst sources (black-
body), X-ray binaries (optically thin thermal bremsstrahlung), 3C273 [30], and the
Crab Nebula and pulsar (broken power law). Although the latter spectrum has
been observed at energies well above those of GRBs, it tends to be softer. The
GRB spectrum shown here uses the function of Band et al. [2]. Short GRBs tend
to have harder spectra than long ones.

3 Gamma-ray Burst Afterglows and Host Galaxies

As the gamma-ray emission ends, afterglows begin at various times, depend-
ing on their wavelengths, and fade at different rates. In some very intense
bursts, a gamma-ray afterglow is clearly observed, which remains detectable
for ∼1000 s [6]. There is evidence that this is in fact a common feature of
all bursts [8], although it is harder to detect in weak events. The emission
fades as a power law with various indices, but a rough average might be ∼
-1. Soft X-ray (1-10 keV) afterglows commence as the gamma-ray burst pro-
gresses or ends [15], and fade as a power law with index ∼ -1.5. They remain
detectable for several weeks with sensitive instruments such as Chandra and
XMM-Newton . Optical afterglows are observed for roughly half of all the
long duration bursts. In one case, intense (9th magnitude) optical emission
has been observed which was simultaneous with the burst [1]. However, al-
though many searches have been carried out, this remains the only example
of simultaneous optical emission [32]. More commonly, weaker (∼ 17th mag-
nitude) optical emission is discovered in the hours following the burst, and it
fades as a power law (index ∼ -1.3), or a broken power law, with time, but
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Fig. 3. The afterglow light curve of GRB021004, fit by a broken power law. Note
the bump at the start of the curve. The data were taken at the Nordic Optical
Telescope [19], and are reproduced by permission of the AAS.

often with significant fluctuations. An example is shown in Fig. 3. It is not
unusual for the optical afterglow to initially outshine the host galaxy in which
it originates. It is possible to track the afterglow for weeks or even months
with the most sensitive telescopes. Finally, radio afterglows are similarly ob-
served for about half of the long bursts, and they become detectable with
telescopes such as the VLA several days after the burst, at levels of several
tenths of a milliJansky. In some cases, they can be observed for a year or
more [13].

In almost all cases where an optical or radio counterpart to a GRB is
found, a host galaxy is identified, and in most of those cases, a redshift
can be measured. A typical magnitude is mR=25. The closest burst comes
from a redshift of 0.1055 (with one possible exception, discussed below), and
the farthest, 4.5. The distribution of GRB redshifts is shown in Fig. 4. The
host galaxies are normal, which is to say that they are not active galaxies,
and that it would be difficult, perhaps impossible, to identify them in a
random sample of galaxies at similar redshifts. The gamma-ray burst sources
are found within the host galaxies, sometimes within regions which can be
identified as undergoing star formation. Reviews of host galaxy properties
have appeared [5, 20].

4 The Short Explanation

The following picture is based on observations of the long GRB’s, their af-
terglows, and their host galaxies. A GRB occurs in the star-forming region
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Fig. 4. The redshift distribution of gamma-ray burst sources.

of a galaxy at redshift around 1. In currently popular models, it is caused by
the collapse of a massive star (≈ 30 solar masses) to a black hole threaded
by a strong magnetic field, and energy is extracted through the Blandford-
Znajek [3] mechanism. This energy goes into accelerating shells of matter to
ultra-relativistic velocities (Lorentz factors of several hundred). These shells
collide with one another as they move outward, producing “internal” shocks.
The shocks accelerate electrons, which emit synchrotron radiation. In the
observer’s frame, this radiation appears in gamma-rays. The fact that the
gamma-rays are polarized is most easily explained by the presence of a large-
scale, ordered magnetic field, roughly at equipartition strength [7].

The break which is observed in the optical light curves is evidence of
beaming; it signals the expansion of a jet whose opening angle is initially
only several degrees [14]. The total energy emitted in this stage is ∼ 5× 1050

erg. As the shells continue to move outward, they eventually reach a region
of enhanced density. This could be either the interstellar medium, or a region
which originated due to a wind from the massive star in its final stages
of evolution. As the shells impinge on this region, they produce “external”
shocks, which give rise to long-wavelength afterglows. There is about an order
of magnitude less energy in the afterglow than in the burst itself. Depending
on their specific properties, irregularities, or “bumps” in the optical light
curve can be interpreted as being caused by regions of enhanced density, a
supernova-like component in the explosion, or as the result of microlensing.

The model described above is known as the “standard fireball model”
[25]. To be sure, there are competing models [10] as well as variations on this
theme. In those cases where afterglows are not detected, the host galaxies
cannot be identified, and it is almost impossible to demonstrate that the
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GRB is due to the collapse of a massive star, as opposed to the merger of
two neutron stars, for example.

Because the gamma-rays are beamed, we detect only a small fraction of
them. This implies that the Universe-wide GRB rate is at least 1000/day.

5 Loose Ends

The discovery of long-wavelength counterparts and the measurement of host
galaxy redshifts solved a long-standing GRB mystery. But other questions
have now arisen. Some of the new mysteries are listed below.

1. What is the nature of the short bursts? No counterparts to them have
yet been identified [21]. One possibility is that they arise from the merger of
two compact objects, rather than the collapse of a massive star [27].

2. Why have no radio and/or optical counterparts been found for ap-
proximately one-half of the long GRBs? One fact which has emerged from
studies of bursts localized in near real-time by the HETE spacecraft is that
some afterglows fade very quickly and/or are intrinsically weak to begin with
[11, 24], but this is probably not the whole story.

3. What distinguishes X-ray flashes from hard-spectrum GRB’s? They
appear to be identical to GRBs in all respects, except for the lack of gamma-
rays. About 30% of all GRBs fall into this category [18].

4. What is the relation between GRBs and supernovae? The first experi-
mental evidence that the two phenomena were related came from GRB980425,
which was roughly spatially and temporally coincident with SN1998bw [16].
The very low redshift of the host galaxy (z = 0.008) would have suggested
that any GRB from it would be extremely intense; in fact, GRB980425 was
quite weak. But further evidence for an association comes from features in
the optical light curves of GRB afterglows [4]. The best evidence to date,
however, is from the study of GRB030329, a GRB discovered by the HETE
spacecraft and studied extensively in the optical. The optical spectrum of the
afterglow [29] bears a striking resemblance to that of SN1998bw.

6 Conclusions

Multi-wavelength measurements are the key to understanding cosmic gamma-
ray bursts. Ideally, they should commence as the burst starts, and continue
throughout the afterglow phase, from radio to gamma-ray wavelengths. The
HETE mission has made it possible for the first time to obtain near real-time,
precise GRB positions, and significant advances have followed as a result.
INTEGRAL is now doing the same. The Swift mission will be launched in
2004. Swift should detect over 100 bursts/year, localize them in near real-
time, and conduct X-ray and optical observations of the counterparts within
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minutes. These observations should resolve many of the outstanding issues,
and usher in a new era in GRB astrophysics.
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Summary. The association of a supernova with a gamma-ray burst (GRB 030329)
implies a massive star progenitor, which is expected to have an environment formed
by pre-burst stellar winds. Although some sources are consistent with the expected
wind environment, many are not, being better fit by a uniform density environment.
One possibility is that this is a shocked wind, close to the burst because of a high
interstellar pressure and a low mass loss density. Alternatively, there is more than
one kind of burst progenitor, some of which interact directly with the interstellar
medium. Another proposed environment is a pulsar wind bubble that has expanded
inside a supernova, which requires that the supernova precede the burst.

1 Introduction

Some of the best evidence for nature of gamma-ray burst (GRB) progenitors
has come from the identification of the Type Ic supernovae SN 1998bw with
GRB 980425 [18] and of the recent SN 2003dh with GRB 030329 [49]. The
finding of these events supports models of long-duration GRBs originating
from stripped massive stars [35]. The surroundings of massive stars are ex-
pected to be shaped by the winds emanating from the progenitor stars. Clear
evidence for the signature of a wind has been difficult to establish, and the
possibility remains that there is more than one type of progenitor for the
long-duration bursts. Direct interaction with the interstellar medium might
be expected if the progenitor involves a compact binary system.

Another possibility is that the GRB occurs in a massive star weeks to
years after it has become a supernova [51]. The progenitor of the GRB may
be a rapidly spinning neutron star that spins down and eventually collapses,
leading to a burst. This can create a pulsar wind nebula immediately sur-
rounding the burst progenitor, which has possible advantages for producing
a GRB [28].

2 Afterglows

2.1 Afterglows and the Circumburst Medium

The afterglows of GRBs provide a probe of the immediate surroundings of
GRBs. The evidence that we have from bursts related to supernovae is that
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the progenitors are Type Ic supernovae. In addition to SN 1998bw and SN
2003dh, the burst GRB 021211 has possibly been identified with a Type Ic
supernova like SN 1994I [12]. These supernovae are thought to have massive
star progenitors that have been stripped of their hydrogen envelopes, i.e.
Wolf-Rayet stars. This type of massive star progenitor is also suggested by
the argument that the collimated flow from a burst be able to pass through
the star in a time that is not significantly longer that the duration of the
GRB. Even for the long duration bursts, this implies a relatively compact
stellar progenitor like the Wolf-Rayet stars [35, 37].

Wolf-Rayet stars are found to have winds with typical mass loss rate Ṁ =
10−5M� yr−1 and wind velocity vw = 1000 km s−1ending in a termination
shock where the wind runs into the surrounding medium [5]. A steady wind
produces a density distribution ρ = Ar−2; the value of the density can be
scaled to the corresponding value for the standard wind parameters, A∗ =
A/(5 × 1011 gm cm−1). For a surrounding medium of pressure p, the wind
termination shock occurs at a radius

Rt = 5.7 × 1019
( vw

1000 km s−1

) (
p/k

104 cm−3 K

)−1/2

A
1/2
∗ cm (1)

where k is Boltzmann’s constant. The pressure is normalized to a typical
value in the interstellar medium of our Galaxy. A higher pressure can occur
as a result of the wind bubble evolution, or as the result of an especially high
pressure interstellar medium.

For a spherical explosion with energy E, the blast wave in the free wind
reaches the radius Rt after a time

tt = 1.35 × 104
( vw

1000 km s−1

)2
(

p/k

104 cm−3 K

)−1 (
E

1053 ergs

)−1

A2
∗ days.

(2)
This shows that over typical times of observation, the blast wave may be
expanding into the free wind for standard parameters. In view of this, in-
teraction with a wind has become one of the models that is investigated in
modeling the afterglows of GRBs [6]. This model is compared to results for a
constant density medium, which was initially taken in afterglow modeling as
the simplest assumption. Taking the surrounding density of the form ρ ∝ r−s,
these cases can be designated s = 0 (uniform) and s = 2 (wind). In afterglow
models, both wind and constant density models provide adequate fits to the
data in some cases, although the constant density model is usually favored
[41, 42].

At first sight, this ambiguity is surprising. In the context of models with
constant efficiencies evolving before a jet break sets in, the two cases have
distinctive behavior: the synchrotron self-absorption frequency, νa, evolves to
higher frequency with s = 2, but remains constant for s = 0; the peak flux
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drops with time for s = 2, but remains constant for s = 0; the synchrotron
cooling frequency, νc, evolves to higher frequency for s = 2, but evolves to
lower frequency for s = 0. There are various reasons why these differences
have not provided clear tests of the models. The evolution of νc requires good
light curve information at optical/IR and X-ray wavelengths, which is usually
lacking. The evolution of νa requires early radio data; these data are usually
sparse and are affected by interstellar scintillation. Another problem is that
jet breaks are observed in light curves and the evolution in the post-break
regime can mimic some of the features of evolution in an s = 2 medium: the
peak flux drops with time and νa evolves to higher frequency [46].

Another possibility for distinguishing between the models is to go to very
early times, within about a minute of the GRB burst. In addition to the older
case of GRB 990123, this has recently been achieved for GRB 021004 [13]
and GRB 021211 [32, 43, 53]. The advantage of these early times is that jet
effects do not play a role in the evolution. Li & Chevalier [34] suggested that
the early flat optical light curve of GRB 021004 could be interpreted in terms
of wind interaction, in which the critical frequency νm had not yet moved
down through optical wavelengths. Although this model has some promise,
the case remains ambiguous in that the relatively flat evolution might also be
produced by a combination of emission from the reverse shock wave and the
later forward shock emission in the case of interaction with a s = 0 medium
[27]. To distinguish between these possibilities, both good light curve data
and color information are needed.

An additional problem with GRB 021004 is that the optical light curve
showed variability superposed on the overall trend [25]. This makes it diffi-
cult to clearly specify characteristic times in the evolution of the afterglow.
The variability, which is not seen in all afterglows, may be due to density in-
homogeneities in the circumburst medium and may thus provide additional
diagnostics for that medium [24]. The winds of Wolf-Rayet stars are known
to be inhomogeneous, with clumps filling ∼ 1/4 of the volume [22]. However,
the observed degree of inhomogeneity refers to a region close to the stellar
surface and the inhomogeneity may decrease in the outer parts of the wind
where the afterglow occurs.

2.2 Jets

Jet breaks themselves provide a possible diagnostic for the medium. The
usual assumption has been that an afterglow light curve steepens due to
geometric and spreading effects when its Lorentz factor is about 1/(opening
angle) to the form t−p [46]. Kumar & Panaitescu [29] find that the transition
to the asymptotic jet evolution requires a factor >∼ 10 in time for expansion
in a uniform medium, but expansion by ∼ 104 in time for expansion in a
wind medium. However, they used a simplified treatment of jet evolution.
Numerical simulations indicate that sharp jet breaks do occur in a uniform
medium, but that most of the emission remains within the initial opening
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angle of the jet [19]. Granot & Kumar [20] have recently considered structured
jets in uniform and declining density media, and again found that jets in an
s = 2 medium cannot give sharp jet breaks.

The recent burst GRB 030329, which was clearly associated with a su-
pernova, showed a sharp break in the light curve at t ∼ 0.5 day, which has
been interpreted as a jet break [3]. However, it has become clear that there
is considerable structure in the light curve of GRB 030329 over the first 10
days [36, 50] and the identification of an early jet break cannot be made with
certainty.

2.3 Afterglow Parameters

There are uncertainties in the basic assumptions involved in standard after-
glow modeling, which include constant values of electron energy efficiency,
εe, magnetic energy efficiency, εB , and particle spectral index, p, in the evo-
lution of one source (e.g., [45]). If these parameters remain constant during
the evolution of one source, the expectation would be that they tend toward
“universal” values that apply to various sources. Standard models developed
for observed afterglows do not show this. As an example, I take the results of
Panaitescu & Kumar [42], who treat a set of the 10 best observed afterglows
with the standard assumptions. The values of spectral index, p, cover the
range 1.36 − 2.78. The presence of values p < 2 is noteworthy because most
of the particle energy is at high energy for this case, although the number of
particles is dominated by the low energy particles. The values of εB and εe

cover the ranges of 4 × 10−5 − 0.07 and 0.01 − 0.4, respectively.
The theoretical values of these parameters are poorly known. The pro-

duction of the magnetic field requires some mechanism at the forward shock
front to build up the magnetic field. The mechanism remains uncertain, al-
though the Weibel instability has been suggested [38], and recent simulations
show some promise for this mechanism [16, 40]. Studies of Fermi-type par-
ticle acceleration in ultrarelativistic shocks have yielded a preferred value of
p = 2.2− 2.3 in the test particle limit [1]. The way electrons are injected into
the acceleration process remains uncertain, and there are indications that the
acceleration may differ from the Fermi process [16, 40].

The fact that a range of parameters is needed to explain the various
afterglows suggests that the parameters depend on the physical conditions. It
might be expected that the shock velocity and preshock density are important
determinants of the physical conditions, so that the model parameters should
vary during the evolution of a burst. Yost et al. [54] have recently considered
models in which εB is allowed to vary as a power law of the shock Lorentz
factor and in which the value of the preshock density parameter s is allowed to
cover a large range. Their modeling of 4 sources shows that a wide variety of
models are potentially possible, including ones in which the density increases
steeply with radius. It appears that more extensive observations, including
spectral information over a wide time range, are needed to further constrain
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the models. One possibility is to follow the evolution of the characteristic
frequency, νm, from optical to radio wavelengths. This frequency is typically
observed at radio wavelengths on a timescale ∼ 10 days. Its passage at optical
wavelengths requires very early observations; as noted above, this may have
been observed in GRB 021004. The typical frequency is not sensitive to the
density, but it is sensitive to the efficiency factors, so that constraints on their
evolution may be obtainable.

2.4 A Shocked Wind Environment

In view of the evidence for the association of GRBs with massive stars and
the evidence from afterglows for interaction with a constant density medium,
consideration must be given as to how a massive star might produce a uni-
form density surrounding. The most plausible way to do this is the approx-
imately constant density region expected downstream from the wind ter-
mination shock [52]. Wijers [52] suggested two ways for creating a smaller
value of tt (Eq. 2): reducing the mass loss rate from the progenitor to 10−6

M� yr−1because of the low metallicity of the progenitor star and increasing
the pressure by interacting with dense molecular gas, especially if the pro-
genitor star is moving. However, the metallicity dependence of the mass loss
from Wolf-Rayet stars is uncertain: WN type stars in the lower metallicity
Large Magellanic Cloud [23] and the Small Magellanic Cloud [9] have sim-
ilar mass loss rates to those in the Galaxy, although WC stars do seem to
show a metallicity effect [10]. Also, photoionizing radiation during the life
of a massive star tends to clear a region around the star to a moderately
low density. Another way of increasing p is by having the burst occur in a
high pressure starburst region [15], where the pressure can reach values of
p/k >∼ 108 cm−3 K [7]. In this case, there should be a relation between the
properties of the afterglow (relatively dense surroundings) and the position
of the burst relative to a region of very active star formation.

One expectation of the models with a termination shock is that some
bursts should be observed to make a transition from an s = 2 to an s = 0
medium, with a density jump between them. There has been little evidence
for such a transition. The expectation for such a transition is that the light
curve should evolve to a flatter asymptotic decline after a jump in flux. Wi-
jers [52] mentioned GRB 970508 because it had a bump in the optical light
curve at an age of 1 day. However, it did not show the expected flattening
of the light curve. A burst that showed a steepening with a possible bump
is GRB 030226. Dai & Wu [11] suggested that the transition was due to the
interaction with a large density jump, which might occur at the contact dis-
continuity between the shocked progenitor wind and the dense red supergiant
wind from a previous evolutionary phase. In this picture, the steepening of the
light curve is due to the sideways expansion of the jet in the dense medium.
However, the data on GRB 030226 are not of sufficient quality to clearly
show the expected features at the time of transition with the density jump.
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In the case of interaction with the termination shock of the stellar wind, the
density jump is such that the effects of the reverse shock are not expected to
be important, as opposed to the high density jump case.

3 Optical/Ultraviolet Absorption Lines

A recent development relevant to the surroundings of GRBs is the observation
of strong optical/ultraviolet absorption lines in a few cases. The best case is
GRB 021004, which has a redshift z = 2.32 so that strong ultraviolet lines
in the rest frame are redshifted to optical wavelengths [39, 47]. Strong lines
of Lyα, Lyβ, C IV, and Si IV are found blueshifted relative to the host
velocity by −450, −990, and −3155 km s−1[39]. The lines have not been
observed to vary, so they cannot be directly tied to the immediate circumburst
environment, but both Mirabal et al. [39] and Schaefer et al. [47] argue that
they are likely to be formed in the nearby environment. One argument for
this is that the strong lines are unusual for intervening systems observed in
the spectra of quasars. The lines may be formed close to the host galaxy if
the burst occurred in a starburst region with a strong galactic superwind.
However, the maximum velocity shift is higher than has been observed in
galactic superwinds. In addition, the high velocity would require a high initial
temperature for the gas if the wind is thermally driven. The gas would be
completely ionized and it is unlikely that it would be able to cool to allow
the observed ions.

For a circumstellar origin, there are two possibilities: the high velocities
are related to the wind velocities of the progenitor system, or the velocities are
due to radiative acceleration by the GRB light; combinations of these models
are also possible. Schaefer et al. [47] argue that the high blueshifted velocity
can be naturally produced by the Wolf-Rayet star wind velocity and the lower
velocity components can be identified with denser shells swept-up by the fast
wind. Mirabal et al. [39] argue that the abundances deduced from the lines
disfavor the wind model. Hydrogen is present in the observed lines, but it
is also observed in the spectra of some WN stars [48]; however, the absence
of N V lines in the observed spectra indicates that N is not overabundant.
In the radiatively accelerated model, the accelerated clumps must be at an
initial distance of several 0.1’s pc from the progenitor star. The acceleration,
primarily by bound-free transitions, must occur early in order to avoid the
observation of time variability.

The problem with both of these scenarios is that the strong radiation field
from the GRB and its afterglow is able to completely photoionize the gas out
to a distance >∼ 1018 cm [31]. At a sufficiently high density (>∼ 107 cm−3), the
recombination time becomes shorter than the age of the burst. This density
might be present in clumps of the swept-up red supergiant wind, especially
if the progenitor is in a high pressure region, but further exploration of this
topic is needed.
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GRB 021004 is not alone in showing these line features. High excitation,
high velocity absorption features have been found in GRB 020813 [2] and
GRB 030226 [8, 21, 44]. The absorption lines of CIV in GRB 020813 are at
0 km s−1and −4320 km s−1relative to the host. In this case, the blueshifted
absorption is also present in a number of lower ionization species (Si II, Al
II, Fe II, Mg II, and Mg I); there is no coverage of Lyα. In the case of GRB
030226, strong absorption line systems are present at a velocity separation
of 2300 km s−1, with C IV and Si IV present, as well as numerous lower
ionization species and Lyα. The velocity separation seen in these sources
is consistent with expectations for the velocity of a Wolf-Rayet star wind.
However, the presence of H does not support this origin for the lines.

4 Pulsar Wind Bubble Environment

An interesting possibility for a GRB environment is that created by a pulsar
wind nebula. This possibility was proposed in the context of the supranova
model in which the supernova precedes the GRB [28, 51]. In this scenario, the
supernova core contracts to a massive, rapidly rotating neutron star which
spins down and collapses to a black hole after a period of weeks, months,
or years. If the neutron star has a magnetic field similar to that of radio
pulsars, it can create a shocked bubble of relativistic electron/positron fluid
and magnetic field before it collapses. The bubble accelerates the supernova
ejecta, so that the ejecta can play a role in producing the X-ray lines that
have possibly been observed in some bursts.

One issue is how effectively the pulsar nebula can accelerate the supernova
gas, because the situation is subject to Rayleigh-Taylor instabilities [26, 28].
The X-ray line features are typically blueshifted by ∼ 0.1c, which is higher
than the velocities of the heavy element ejecta that would be expected from
the supernova itself. A supernova energy of 1051 ergs in an ejecta mass of 10
M� leads to a typical velocity of 0.01c. Königl & Granot [28] suggest that the
rotational energy of a rapidly rotating neutron star, 1053 ergs, is transferred
to the ejecta, giving the observed velocity. Although a pulsar nebula can
certainly shock and compress the ejecta gas, the ability to further accelerate
the ejecta is less certain. However, if the supernova explosion energy is high
(> 1052 ergs as inferred for some supernovae) and the ejecta mass is low, a
typical velocity of 0.1c can be attained.

Another issue is the fact that the observation of X-ray line features at
an age of ∼ 1 day requires dense gas at r ∼ 1016 cm, but observations of
afterglow emission at an age of a week or more imply a radial scale >∼ 3×1017

cm. Königl & Granot [28] suggest that pulsar nebula and supernova may be
highly elongated along the axis along which the GRB flow propagates.

Although the observational evidence for X-ray lines remains controversial,
there are other reasons for considering a pulsar wind nebula environment, as
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articulated by Königl & Granot [28]. One is that the pulsar nebula is com-
posed of just the ingredients that are necessary for the synchrotron emission
from a GRB afterglow. There is no problem with the efficiencies for pro-
duction of the synchrotron emission. In addition, the bubble density can be
constant with radius, or drop with radius. The first case can occur in the
same way that a constant density occurs downstream from an ordinary stel-
lar wind. The decreasing density occurs in regions where the magnetic field
pressure becomes important, although the structure of such regions in pulsar
nebulae remains uncertain.

Although the pulsar bubble model has some appeal, it does not apply to
cases where the GRB occurs close in time to the supernova, as apparently
was the case with GRB 030329 and SN 2003dh (e.g., [36]).

5 Discussion and Conclusions

Despite several years of effort, the study of GRB environments from their
interaction has not clearly pointed to the progenitor objects. Reasons for this
include the uncertainties in the basic model parameters, the fact that the
GRB ejecta appear to be collimated and the similarity in the surrounding
densities expected in different scenarios. The clearest progenitor information
we have comes from the association of SN 2003dh with GRB 030329. The
similarity of the supernova to SN 1998bw suggests that the progenitor object
is a similar massive star. Analysis of the radio emission from SN 1998bw
showed compatibility with expectations of a wind-like surrounding medium
[33]. The radio observations of GRB 030329 are slightly better fit by a uniform
medium than a wind-like medium, although the difference between the fits
is not large [3]. The host galaxy of GRB 030329 appears to be a starburst
dwarf galaxy [36] and the burst is positioned near the edge of the star forming
region [17], so it is not clear whether a high pressure surroundings is expected.
Detailed modeling will be needed to determine whether the afterglow features
can be explained by a complex explosion, or whether the surroundings need
special properties.

An outstanding question is whether there is any need for a progenitor
of long-duration bursts other than massive stars. Since massive stars are
expected to modify their surroundings through winds, this evidence would
be an incompatibility with the wind effects expected around a massive star.
Frail et al. [14] and Yost et al. [54] have noted that a number of afterglows that
can best be modeled as expanding into a uniform density medium with n ∼
10−30 cm−3, and that this density is typical of Galactic interstellar clouds or
the interclump medium of molecular clouds. However, such a medium would
be modified by the winds from a massive star progenitor and a significant
fraction of GRBs probably occur in starburst regions where clouds are denser
than in Galactic case. One possibility is that the uniform medium is created
by a shocked stellar wind in a high pressure medium.
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A possible problem for massive star models is the low density inferred
around some GRBs. Even if a shocked wind is present, it has higher density
at a given radius than the corresponding free wind, so strong limits on the
wind density can be set. Two afterglows with low densities are GRB 990123
[42] and GRB 021211 [30], which require A∗ <∼ 10−3−10−2. Such low densities
have not been observed around Wolf-Rayet stars. GRB 021211 shows evidence
for a supernova [12], but the evidence is not conclusive. The low densities are
not a problem for a burst that interacts directly with the hot interstellar
medium in a galaxy. Another problem with the massive star models is the
lack of evidence for bursts crossing the interface between a free wind and a
shocked wind.

If direct interaction with the interstellar medium is required, a plausi-
ble progenitor object is a binary of compact objects. This requires that two
different progenitor objects can give GRBs that appear similar, presumably
from the formation of black holes. The application of the pulsar wind nebula
model to some bursts requires both that different progenitor objects give rise
to similar bursts, but also that the expansion of the burst into a different
kind of medium (pair plasma and magnetic field) can give rise to similar af-
terglows. The finding of a supernova (SN 2003dh) occurring at approximately
the same time as a GRB (GRB 030329) mitigates against the pulsar wind
nebula picture for this case.
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Summary. Radio afterglow observations continue to provide complementary and
sometimes unique diagnostics on gamma-ray burst explosions, their progenitors and
their environments. In this review we will first describe current search strategies
and the observational properties of the detected sample. In the second part of
this review we will follow the evolution of a typical radio afterglow, describe the
diverse phenomenology that is observed, and interpret these observations within
the framework of the fireball model.

1 Introduction

Our understanding of the gamma-ray bursts (GRBs) has advanced rapidly
since the discovery of long-lived “afterglow” emission from these events. Ra-
dio afterglow studies have become an integral part of this field, providing
complementary and sometimes unique diagnostics on GRB explosions, their
progenitors, and their environments. The reason for this is that the radio part
of the spectrum is phenomenologically rich. This can be illustrated simply
by calculating the brightness temperature (Tb ∝ Fν/(θs ν)2) for a 1 mJy cen-
timeter wavelength source at cosmological distances (∼ 1028 cm), expanding
with Vexp ≤ c one week after the burst. Since the derived Tb ∼ 1013 K is
well in excess of the TIC ∼ 1011 − 1012 K limit imposed by inverse Comp-
ton cooling, it follows, independent of any specific afterglow model, that the
radio emission must originate from a compact, synchrotron-emitting source
that is expanding superluminally (i.e. Tb ∼ Γ × TIC , Γ >> 1). Likewise,
since the brightness temperature cannot exceed the mean kinetic energy of
the electrons, the emission is expected to be self-absorbed at longer wave-
lengths [31]. Finally, strong modulation of the centimeter signal is expected
on timescales of hours and days because the angular size θs of this super-
luminal source is comparable to the Fresnel angle of the turbulent ionized
gas in our Galaxy [25]. Synchrotron self-absorption, interstellar scintillation,
forward shocks, reverse shocks, jet-breaks, non-relativistic transitions and
obscured star formation are among the phenomena routinely observed.

This short review is divided into two parts. The first section (§2) is a
summary of the current search strategies and the main observational prop-
erties of radio afterglows. In the second section (§3) we highlight the key
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scientific contributions made by radio observations, either alone or as part of
panchromatic studies. By necessity we will restrict this brief review to long-
duration GRBs, although radio afterglows have also been detected toward
the newly classified X-ray flashes, and searches have been carried out toward
short bursts [30].

2 Detection Statistics and Observational Properties

The search for a radio afterglow is initiated either by a satellite localization of
the burst, or by the detection of the X-ray or optical afterglow. The current
search strategy has been to use the Very Large Array (VLA)1 or the Australia
Telescope Compact Array (ATCA; for declinations, δ < −40◦)2 at 5 GHz or
8.5 GHz. These frequencies were chosen as a compromise between the need to
image the typical error box size of 30-100 arcmin2, while having the requisite
sensitivity to detect afterglows at sub-milliJansky levels. At lower frequencies
the afterglow is attenuated by synchrotron self-absorption (fν ∝ ν2), while at
higher frequencies the field-of-view is proportionally smaller (FOV∝ ν2). For
typical integration times (10 min at the VLA, and 240 min at the ATCA)
the rms (receiver) noise is 30-50 µJy. Follow-up observations of detected
afterglows were carried out by a network of radio facilities at centimeter,
millimeter and submillimeter wavelengths [19].

In the five year period beginning in 1997 and ending in 2001 approximately
1500 radio flux density measurements (or upper limits) were made toward 75
bursts [23]. From these 75 GRBs, there are a total of 32/36 successful X-ray
searches, 27/70 successful optical searches, and 25/75 successful searches.
These afterglow search statistics illustrate a well-known result, namely that
the detection probability for X-ray afterglows is near unity, while for optical
afterglows and radio afterglows it is 40% and 33%, respectively. The origin
of these optically “dark bursts” could either be due to intrinsic effects (i.e.
inadequate search due to rapid evolution of the afterglow and/or an under-
energetic GRB) [5, 24], or an extrinsic effect (i.e. extinction of the optical
flux caused by circumburst dust or by the intergalactic medium) [14, 38].

To accurately derive the fraction of “radio quiet” bursts it is necessary to
incorporate both detections and upper limits in a statistically sound manner.
This has been done in Fig. 1 where flux density distribution at 8.5 GHz is
shown for a sample of 44 GRBs, toward which measurements or upper limits
have been made between 5 and 10 days after a burst. The time since the
burst is an important variable since radio light curves do not exhibit the
simple power-law decays seen in X-ray and optical afterglows, but rise to a
1 The NRAO is a facility of the National Science Foundation operated under co-

operative agreement by Associated Universities, Inc.
2 The Australia Telescope is funded by the Commonwealth of Australia for oper-

ation as a National Facility managed by CSIRO.
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Fig. 1. (Left) Histogram distribution of flux densities (or upper limits) at 8.5 GHz
for a complete sample of bursts. The hatched histogram shows the distribution for
the detections only. (Right) Histograms of radio luminosity from the same sample
but restricted to the subset of bursts with known redshifts. The hatched histogram
shows the distribution for bursts with detected radio afterglows only.

peak on average about one week after the burst and decay on timescales of
a month. The mean of the 19 detections in Fig. 1 is 315±82 µJy. Adding in
the non-detections, and using the Kaplan-Meier estimator [15] shifts this to
186±40 µJy. Approximately 50% of all bursts have radio afterglows at 8.5
GHz above 110 µJy, while fewer than 10% exceed 500 µJy. The relatively
small range of peak flux densities in Fig. 1 suggests that the fraction of
“radio quiet” bursts is largely determined by instrumental sensitivities. With
the arcsecond localizations provided by the Swift satellite (launch in 2004)
it will be possible to routinely detect all afterglows with centimeter radio
emission above 100 µJy. Increasing the fraction of detected radio afterglows
significantly above 50% will require the sensitivity improvements provided by
the Expanded Very Large Array3 (complete in 2010).

3 http://www.aoc.nrao.edu/evla/
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From this sample of peak flux densities we also derive the peak spectral
radio luminosity in Fig. 1 given by Lν = 4πFν d2

L (1 + z)1+β−α, where Fν ∝
tανβ and α = 1/2 and β = 1/3 has been assumed, corresponding to an
optically thin, rising light curve. The GRB redshifts lie in the range between
z =0.36 to z=4.5. The peak of the distribution is centered on 1031 erg s−1

Hz−1 and is similar to low-luminosity FRI radio galaxies like M87. More
interestingly, a comparison between this GRB sample and a sample of Type
Ib/c supernovae [9] shows that the later is four orders of magnitude less
luminous. Since radio emission is sensitive to the relativistic energy content
of the shock, independent of the initial geometry of the explosion, this has
been used to argue that the majority (<97%) of nearby Type Ib/c supernovae
do not produce a GRB-like event, such as that seen toward SN 1998bw [32].

3 Phenomenology and Interpretation

In this section we will follow the evolution a GRB and its radio afterglow
depicted schematically in Fig. 2. The observations span four orders of mag-
nitude in time (0.1-1000 days) and three orders of magnitude in frequency
(0.8-660 GHz), so it should be no surprise that radio light curves exhibit a
rich phenomenology. To interpret these observations we will rely on the highly
successful “standard fireball model” [34]. In this model there is an impulsive
release of kinetic energy (∼1051 erg) from the GRB event which drives an
ultra-relativistic outflow into the surrounding medium whose hydrodynami-
cal evolution is governed by the kinetic energy released, the density structure
of the circumburst medium and the geometry of the outflow. Synchrotron
emission is produced by this relativistic shock which accelerates electrons to
a power-law distribution. It is through the study of temporal (and spectral)
evolution of afterglow light curves that we can gain insight into the physical
conditions of the shock and the central engine that produced it.

Despite response times as short as 2 hrs, centimeter searches (§2) are
rarely successful until a day or more after a burst. Broadband afterglow
spectra show that centimeter emission is attenuated as a result of synchrotron
self-absorption [26]. Typical observed values for the self-absorption frequency
νa are 5-10 GHz. It is interesting to note that the flux density below νa

has the form Fν ∝ ν2, not the 5/2 spectral slope usually seen toward most
radio sources. This is because the relativistic shock accelerates electrons to a
power-law distribution (with energy index p given by N(γe) ∝ γ−p

e ) above a
minimum energy γm, which initially radiate their energy most of their energy
at νm >> νa. The flux below νa depends only the angular size of the source
and the fraction of the shock energy that goes into accelerating electrons [31],
and thus it is a useful diagnostic of the ratio of the energy of the shock and
the density of the circumburst medium (E/n).

As this optically thick radio source expands, a monotonic rise in the
flux would be expected. It was therefore a considerable surprise when early
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Fig. 2. A schematic radio afterglow light curve. Timescales and scalings for the
temporal evolution are indicated. The list summarizes aspects of the flux evolution
which are unique to the radio bands (Lorentz factor, Γ ; source size, θ; energy, E;
density, n; jet opening angle, θjet; density profile; magnetic field strength, B; and
obscured star formation rate).

observations of GRB970508 showed erratic, short term (∼ hrs) and narrow
band (∼GHz) fluctuations in the centimeter emission [16]. The origin of these
variations [25] was traced to the scattering of the radio emission, owing to
the small angular size of the fireball, as it propagates through the turbulent
ionized gas of our Galaxy. This is a large and complex subject [27, 41], but
for the purpose of this review it is sufficient to note that for typical lines of
sight the modulation of the flux densities is near a maximum at frequencies
near 5-10 GHz. Coincidently, this is the same frequency range where νa typi-
cally lies and where the majority of radio observations are being made. While
interstellar scintillation adds a certain degree of complexity to interpreting
afterglow light curves, it also allows us to use the Galaxy as a large lens to
effectively resolve the fireball. The observed “quenching” of diffractive scin-
tillation from GRB970708 four weeks after the burst [17, 45] lead to estimate
of the angular size, demonstrating superluminal expansion and providing an
early confirmation of the fireball model.

In many instances [7, 18, 29, 33, 48] bright, short-lived radio “flares”
are detected at early times (t < 3 d). The emission is much brighter than
expected from a backward extrapolation of the light curve, and the level
of fluctuation is too great to be accounted for by interstellar scintillation.
One of the best-known examples is the radio flare of GRB 990123 [33], which
was accompanied by a 9th magnitude optical flash [1]. This prompt optical
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and radio emission is thought to be produced in a strong reverse shock which
adiabatically cools as it expands back through the relativistic ejecta [42]. The
strength and lifetime of this reverse shock emission is sensitive to the initial
Lorentz factor, Γ◦, of the shock and the density structure of the circumburst
medium [7, 44]. To properly constrain these values requires that the peak of
the emission be measured. This is difficult to do with optical observations,
which require a response time on the order of the burst duration, while radio
observations require a response time of only 12-48 hrs.

On a timescale of days to weeks after the burst, the subsequent evolution
of the radio afterglow (Fig. 2) can be described by a slow rise to maximum,
followed by a power-law decay. The radio peak is often accompanied by a
sharp break in the optical (or X-ray) light curves [2, 28]. The most commonly
accepted (but not universal) explanation for these achromatic breaks is that
GRB outflows are collimated. The change in spectral slope, α, where Fν ∝
tανβ , occurs when the Γ of the shock drops below θ−1

j , the inverse opening
angle of the jet [40, 43]. Since the radio emission at νR initially lies below the
synchrotron peak frequency νm the jet break signature is distinctly different
than that at optical and X-ray wavelengths. Prior to the passage of νm the
jet break is expected to give rise to a shallow decay t−1/3 or plateau t0, in
the optical thin (νa < νR) or thick (νa > νR) regimes, respectively. Another
recognizable radio signature of a jet-like geometry is the “peak flux cascade”,
in which successively smaller frequencies reach lower peak fluxes (i.e. Fm ∝
ν

1/2
m ). Taken together, these observational signatures can be used to infer the

opening angles θj of wide angle jets. Such jets are hard to detect at optical
wavelengths because the break is masked by the host galaxy, which typically
dominates the light curve between a week and a month after the burst [4, 22].
Once the real geometry of the outflow is known [10, 20] the energy released
in the GRB phase and the afterglow phase can be determined.

As noted above, the radio band is fortuitously located close to νa and as
such it is a sensitive probe of the density structure of the circumburst medium.
Extensive broadband modeling [37] has yielded densities in the range 0.1
cm−3 < n< 100 cm−3, with a canonical value of order n�10 cm−3. Such
densities are found in the diffuse interstellar clouds of our Galaxy, commonly
associated with star-forming regions. A density of order 5-30 cm−3 is also
characteristic of the interclump medium of molecular clouds, as inferred from
observations of supernova remnants in our Galaxy (e.g., [11] and references
therein). Based on X-ray and optical observations alone, there have been
claims of high n
 104 cm−3 [13, 50] or low n	 10−3 cm−3 [36] circumburst
densities. However, in several of these cases when the radio data has been
added to the broadband modeling (i.e. constraining νa), there is no longer
any support for either extreme of density [22, 29].

One unsolved problem on the structure of the circumburst environment
is the absence of an unambiguous signature of mass loss from the presumed
massive progenitor star in afterglow light curves [12]. Although there are some



The Radio Afterglows of Gamma-Ray Bursts 457

notable exceptions (e.g., [39]), most GRB light curves are best fit by a jet
expanding into a constant density medium instead of a radial density gradient,
ρ ∝ r−2 [37]. Part of the solution may lie in reduced mass loss rates due to
metalicity effects, or the motion of the star through a dense molecular cloud
[47], both of which act to shrink the radius that the pre-burst wind is freely
expanding. It is equally likely that our failure to distinguish between different
models of the circumburst medium is due to the lack of early afterglow flux
measurements, especially at millimeter and submillimeter wavelengths where
the largest differences arise [35, 49]. The resolution of this conflict is important
as it goes to the heart of the GRB progenitor question.

At sufficiently late times, when the rest mass energy swept up by the
expanding shock becomes comparable to the initial kinetic energy of the
ejecta (∼100 days), the expanding shock may slow to non-relativistic speeds
[46]. A change in the temporal slope is expected at this time (Fig. 2) with
αNR = (21 − 15p)/10 for a constant density medium, independent of ge-
ometry. This dynamical transition provides a simple and powerful method
to derive the kinetic energy of the outflow which has expanded to be quasi-
spherical at this time. In contrast, most energy estimates made at early times
require knowledge of the geometry of the outflow [8, 10, 36]. Using the late-
time radio light curves and the robust Taylor-Sedov formulation for the dy-
namics we can infer quantities such as the kinetic energy, ambient density,
magnetic field strength, and the size of the fireball. The radius can be checked
for consistency with the equipartition radius and the interstellar scintillation
radius. This method has been used for GRB970508 [17] and for GRB980703
(Berger, private communication), yielding energies of order few × 1050 erg,
in agreement with other estimates.

Finally, the radio light curves at late times may flatten due to the presence
of an underlying host galaxy. Most GRBs studied to date have optical/NIR
hosts but only about 20% have been seen at centimeter and submillimeter
wavelengths [3, 6, 21]. This radio emission, if produced by star formation,
implies star formation rates SRF∼ 500 M� yr−1 and Lbol > 1012 L�, clearly
identifies these GRB hosts as ultraluminous starburst galaxies which are all
but obscured by dust at optical wavelengths. This is an emerging area with
great potential for studying cosmic star formation with a sample of galax-
ies selected quite differently than other methods. Preliminary studies have
already shown that GRB-selected galaxies are significantly bluer than other
radio-selected samples [6].
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Instituto de Astrof́ısica de Andalućıa (IAA-CSIC), P.O. Box 03004, 18080
Granada, Spain;
ajct@iaa.es

Summary. Since their discovery in 1967, Gamma-ray bursts (GRBs) have been
puzzling to astrophysicists. With the advent of a new generation of X–ray satellites
in the late 90’s, it was possible to carry out deep multi-wavelength observations of
the counterparts associated with the long duration GRBs class just within a few
hours of occurrence, thanks to the observation of the fading X-ray emission that
follows the more energetic gamma-ray photons once the GRB event has ended.
The fact that this emission (the afterglow) extends at longer wavelengths, led to
the discovery of optical/IR/radio counterparts in 1997-2003, greatly improving our
understanding of these sources. The classical, long duration GRBs, have been ob-
served to originate at cosmological distances in a range of redshifts with 0.1685
≤ z ≤ 4.50 implying energy releases of ∼ 1051 ergs. The recent results on GRB
021004 and GRB 030329 confirm that the central engines that power these extraor-
dinary events are due to be collapse of massive stars rather than the merging of
compact objects as previously also suggested. Short GRBs still remain a mystery
as no counterparts have been detected so far.

1 Introduction

In 1967-73 the four VELA spacecraft, that where originally designed for ver-
ifying whether the former Soviet Union abided by the Limited Nuclear Test
Ban Treaty of 1963, observed 16 peculiarly strong events [6, 39]. On the
basis of arrival time differences, it was determined that they were related
neither to the Earth nor to the Sun, but they were of cosmic origin. There-
fore they were named cosmic Gamma-Ray Bursts (GRBs hereafter). Nearly
4000 events have been detected to date.

2 Observational Facts and Implications

2.1 GRBs in the Gamma-ray Domain

GRBs appear as brief flashes of cosmic high energy photons, carrying the
bulk of their energy above ≈ 0.1 MeV (Fig. 1). The KONUS instrument on
Venera 11 and 12 gave the first indication that GRB sources were isotropically
distributed in the sky [3, 44]. Based on a much larger sample, this result was
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Fig. 1. One of the typical long-duration GRBs detected by WATCH on GRANAT,
lasting for about 150-s in the 8-20 keV range (above) and in the 20-60 keV range
(below). From [42].

nicely confirmed by BATSE on board the CGRO satellite [45]. In general,
there was no evidence of periodicity in the time histories of GRBs. However
there was indication of a bimodal distribution of burst durations, with ∼25%
of bursts having durations around 0.2 s (the short/hard GRB class) and
∼75% with durations around 30 s (the long/soft GRB class). A deficiency of
weak events was noticed in the log N -log S diagram, as the GRB distribution
deviates from the -3/2 slope of the straight line expected for an homogeneous
distribution of sources assuming an Euclidean geometry. However, the GRB
distance scale had to remain unknown for 30 years. A comprehensive review
of these observational characteristics can be seen in [22].

2.2 Long-duration GRBs in the Electromagnetic Spectrum

It was well known that an important clue for solving the GRB puzzle was
going to be the detection of transient emission -at longer wavelengths- asso-
ciated with the bursts. A review on the unsuccessful search for counterparts
prior to 1997 can be seen in [10] and references therein.

Solving the Distance Scale

After the discovery of the first X-ray and optical afterglows (OA) for GRB
970228 detected by BeppoSAX [18, 67], the second OA associated to a GRB
was detected within the GRB 970508 error box [5, 52]. The GRB 970508 OA
light curve reached a peak in two days (R = 19.7, [21]) and was followed
by a power-law decay F ∝ t−1.2 [11]. Optical spectroscopy obtained during
the maximum allowed a direct determination of a lower limit for the redshift
of GRB 970805 (z ≥ 0.835), implying an isotropic energy release E ≥ 7 ×
1051 erg [47]. It was the first proof that GRB sources lie at cosmological
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distances. The flattening of the decay in late August 1997 [52, 62] revealed
the contribution of a constant brightness source -the host galaxy- that was
revealed in late-time imaging obtained in 1998 [7, 12, 70]. The maximum
observed 1-day after the burst has not been detected in other GRBs so far and
it was interpreted by a delayed energy injection or by an axially symmetric
jet surrounded by a less energetic outflow [51]. The luminosity of the galaxy
is well below the knee of the galaxy luminosity function, L ≈ 0.12 L∗, and
the detection of deep Mg I absorption (during the bursting episode) and
strong [O II] 3727 Å emission (the latter mainly arising in H II regions within
the host galaxy) confirmed z = 0.835 and suggested that the host could
be a normal dwarf galaxy [53], with a star formation rate (SFR) of ∼ 1.0
M� year−1 [7]. Prompt observations at cm and mm wavelengths led to the
detection of the counterpart at these wavelengths [8, 23, 56]. The fluctuations
could be the result of strong scattering by the irregularities in the ionized
Galactic interstellar gas, with the damping of the fluctuations with time
indicating that the source expanded to a significantly larger size. However
VLBI observations did not resolve the object [66]. A Fe Kα line redshifted
at z = 0.835 in the X-ray afterglow spectrum [54] was attributed to a thick
torus of material surrounding the central engine [46].

About 35 host galaxies for classical, long duration GRBs, have been de-
tected so far, in the range 0.1685 ≤ z ≤ 4.50 (if ESO 184-G82 is excluded).
None of the hosts are brighter than the knee of the luminosity function L∗ at
their redshift, but the GRB hosts are noticeable bluer than typical galaxies
of similar magnitude [63].

The Existence of Collimated Emission

GRB 990123 was the first event for which contemporaneous optical emission
was found simultaneous to the gamma-ray burst, reaching V ∼ 9 [1]. This
optical flash did not track the gamma-rays and did not fit the extrapolation of
the BeppoSAX and BATSE spectra towards longer wavelengths. This optical
emission was interpreted as the signature of a reverse shock moving into the
ejecta [60]. A brief radio transient was also detected [24] coincident with the
optical counterpart [49] and spectroscopy indicated z = 1.599 [2]. A break
observed in the light curve ∼ 1.5 days after the high energy event suggested
the presence of a beamed outflow [13, 25, 41], thus reducing the energy release
by ∼ 102. A weak magnetic field in the forward shock region could account for
the observed multiwavelength spectrum in contrast to the high-field magnetic
field for GRB 970508 and it seems that the emission from the three regions
was first seen in this event [28]: the internal, reverse and forward shocks.

Further support for a jet-like outflow came for GRB 990510, the first
burst for which polarized optical emission was detected (Π = 1.7 ± 0.2 %,
[19, 68]). This confirmed the synchrotron origin of the blast wave itself and
represented another case for a jet-like outflow [64], as has been later seen in
other events.
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Fig. 2. The GRB 991208 R-band light curve (solid line) fitted with a SN1998 bw-
like component at z = 0.706 (long dashed line) superposed to the broken power-law
OA light curve displaying the second break at tbreak ∼ 5 d (with α1= −2.3 and α2

= −3.2, short dotted lines) and the constant contribution of the host galaxy (R =
24.27 ±0.15, dotted line). From [15].

Dark GRBs

Following the unsuccessful search for an OA for GRB 970111 [9], intensive
work was conducted for GRB 000210, a burst that was followed up by CHAN-
DRA. The fact that no OA was detected despite of deep optical searches down
to R ∼ 23.5 implied to classify the event as a another “dark” GRB. A con-
stant brightness optical counterpart (R = 23.5, [32]) was coincident with the
1.6′′ error box derived by CHANDRA [30] implying that this was the likely
host galaxy. A radio transient was discovered with the VLA and from the
X-ray spectrum, it was derived that either the gas is local to the GRB or
that the gas is located in a dusty, gas-rich region of the galaxy [55], which is
observed to harbor considering star formation [33].

In at least another three cases (GRB 981226, GRB 990506 and GRB
001109), radio transients were detected without accompanying optical/IR
transients.The observed fraction of dark GRBs detected so far is ∼ 40%.
This could be due to intrinsic faintness because of a low density medium,
high absorption in a dusty environment, or Lyman limit absorption in high
redshift galaxies (z > 7). If GRBs are tightly related to star-formation, a
substantial fraction of them should occur in highly obscured regions. For
instance, most of star formation in the Hubble Deep Field is so enshrouded
by dust that starlight from the galaxies detected by SCUBA is attenuated
by a factor of ∼102 [38].

The Detection of X-ray Lines

The GRB 011211 (at z = 2.14), displayed rapid variations in the R-band
light curve approximately 0.5 days after the burst, suggesting that they were
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Fig. 3. Spectral evolution of the combined GRB 030329, the associated SN 2003dh
and its host galaxy (no reddening correction applied). The lower spectra, dominated
by SN 2003dh, reveals the typical broad-band SN signatures. To ease comparison,
the spectrum of SN 1998bw at 33 days after the explosion is shown at the GRB
030329 redshift. From [36].

due to density fluctuations near the central engine on spatial scales of ap-
proximately 40-125 AU [37]. The early afterglow spectrum was obtained by
XMM-Newton, which observed 11 hours after the initial burst, and appeared
to reveal decaying H-like K emission lines of Mg, Si, S, Ar and Ca, arising in
enriched material with an outflow velocity of order ∼ 0.1c [57]. This was at-
tributed to matter ejected from a massive stellar progenitor occurring shortly
before the burst itself. Thermal emission, from an optically thin plasma, is
the most plausible model that could account for the soft X-ray emission.
The X-ray spectrum evolved with time over the first 12 ksec, suggesting that
thermal emission dominated the early afterglow spectrum, whilst a power-
law component dominated the latter stages. This implies that the progenitor
of the GRB was a massive star and that the mass of the ejected material in
GRB 011211 was estimated to be ∼ 4-20 M� [58].

The GRB-SN Connection

A peculiar Type Ic supernova (SN 1998bw) was found in the error box for
the soft GRB 980425 by Galama et al. [27]. The SN lies was associated to
the galaxy ESO 184-G82, an actively star forming SBc sub-luminous galaxy
at z = 0.0085. The fact that the SN event occurred within ± 1 day of the
GRB event, together with the relativistic expansion speed derived from the
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The total energy released would be 8 × 1047 erg which is about ∼ 105 smaller
than derived for “classical” GRBs. Follow-up HST observations of ESO 184-
G82 2.1 yr after the event, revealed an object consistent with being a point
source within the astrometric uncertainty of 0.018′′ of the SN position. The
object is located inside a star- forming region and is at least one magnitude
brighter than expected for the SN based on a simple radioactive decay model,
implying either a significant flattening of the light curve or a contribution
from an underlying star cluster [26].

Independently, Castro-Tirado and Gorosabel [14] and Bloom et al. [4]
also suggested the presence of an underlying SN in GRB 980326. Reichart
[59] also proposed that a type Ib/c supernova lay “behind” another GRB
(GRB 970228), overtaking the light curve two weeks after. This fact seems
to be confirmed by a following work [29]. Further evidences have been found
for another bursts [15, 20, 31, 34, 43]. See Fig. 2.

For GRB 021004, at least seven absorption line complexes spanning a
velocity range of about 3000 km/s were found in the vicinity of the host
galaxy, at z = 2.33 [16]. This observational evidence was interpreted as the
presence of a multiple shell structure formed by the winds around the massive
star progenitor, which it is thought to have been a Wolf-Rayet star [16, 48, 61].

GRB 030329 is the nearest classical, long duration GRB detected so far,
at z = 0.1685. Due to its proximity, spectroscopic campaigns started already
1 day after the event, which led to the detection of SN absorption features
superposed on the power-law OA spectrum. These signatures increased with
time and resembled remarkably those of the SN1998bw/GRB 980425 spec-
trum. Thus, in spite of no optical bump being present in the optical/NIR
light curve [35], the underlying object was dubbed SN2003dh (type Ic) [65]
and from VLT spectroscopy, a photospheric expansion velocity of ∼ 0.1c one
week after the GRB was derived [36], comparable to the value found for
SN1998bw. This event is therefore considered as the smoking gun that has
allowed to definitively connect the collapse of massive stars with the long-
duration GRBs, as was already proposed in 1974 [17] amongst the more than
100 theoretical models for explaining their origin.

It is possible then, in these powerful supernovae also dubbed “hyper-
novae” [50], that the explosions will be asymmetric and we are observing the
GRB produced by a relativistic jet propagating along the rotation axis of the
massive progenitor [69].
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tinuous support. This work has been partially financed by the Spanish Ministerio
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Summary. In this paper I will present and discuss some of the relevant results
obtained with the Italian satellite BeppoSAX on the prompt and afterglow emission
of Gamma Ray Bursts (GRBs).

1 Introduction

After about 30 years of mystery, the distance scale issue of Gamma Ray
Bursts (GRBs) has been definitely settled thanks to the X–ray astronomy
mission BeppoSAX, an Italian satellite with Dutch participation [7]. Bep-
poSAX not only has permitted this issue to be resolved but has also provided
most of the exciting results of the last seven years in GRB astronomy. The
satellite, launched on 1996 April 30, was switched off on April 29, 2002, af-
ter 6 years of operational life. The high performance of BeppoSAX for GRB
studies was due to a particularly well-matched configuration of its payload,
with both wide field instruments (WFIs) and narrow field telescopes (NFTs).

After the exciting results obtained on GRBs in 1997 (e.g., [10, 11, 12,
15, 27, 31]), many other GRB events were discovered with BeppoSAX during
its operational life: 1082 events were detected with the GRBM (catalog in
preparation), 669 of them (corresponding to 62%) were recognized by the on-
board logic and 413 (corresponding to 38%) were identified with the ground
software. Light curves with high time resolution (up to 0.5 ms) are available
only for the GRBs identified by the on-board logic, while for the other ones,
only 1 s ratemeters are available. Of the 1082 events, 168 (corresponding to
∼ 16%) are short (<2 s) GRBs, 141 of which recognized by the on-board
logic. The most outstanding results were obtained from the 51 GRBs which
were simultaneously detected with the GRBM and WFCs, 37 of which were
followed-up with the BeppoSAX NFTs. Gamma-ray fluence of these GRBs
ranges from 1.9 × 10−4 erg cm−2 down to 2.5 × 10−7 erg cm−2, while their
duration is longer than 2 s (’long GRBs’). X-ray afterglows were discovered
in ∼ 90% of the followed-on GRBs. However only ∼ 50% of the followed-up
GRBs are detected in the optical band and ∼ 40% in the radio band. This
lower rate raises the question about the origin of the so called “dark” GRBs
(i.e., GRBs with no optical counterparts). Likely some of them have origin
in stellar formation regions with high mass densities, which likely absorb the



468 Filippo Frontera

ultraviolet radiation (in the rest frame of the GRB source). However, many
of the dark GRBs could have origin in galaxies at very high redshifts (>5).
In these cases the darkness is due to the absorption of the optical radiation
by the intergalactic hydrogen.

2 Some Highlight Results

I will summarize here some of the most relevant results on GRBs obtained
with BeppoSAX. They concern both the prompt GRB phenomenon, the af-
terglow emission and the GRB environment.

2.1 Prompt Emission Spectra

Thanks to the broad energy band (2–700 keV) covered by WFCs plus GRBM,
BeppoSAX has allowed un unbiased determination of the prompt emission
spectra. We found [2] that most of the time averaged spectra are well fit,
down to 2 keV, with a smoothly broken power-law proposed by Band et
al. [6]. In the remaining cases a simple power-law fits the data. In many
cases (∼ 70%) an optically thin synchrotron shock model (OTSSM) [39] fits
the data. A confirmation of this result comes from the recent polarization
measurement of the prompt emission from GRB021206 [9].

A more constraining test of the emission mechanism is the study of the
spectral evolution of the GRB prompt emission. This investigation shows [16,
20] that there is a general evolution of the spectra, from hard to soft, except
for the most intense events, whose hardness either mimics the GRB time
profile (e.g., GRB990123) or does not evolve with time (e.g., GRB011121)
[20]. A clear example of the hard-to-soft spectral evolution is given in Fig. 1,
which shows the EF (E) spectra of GRB970111 in the 10 contiguous time
intervals (from A to J) in which we subdivided the GRB time profile. As it
can be seen, the fit with an OTSSM is acceptable for the almost the entire
duration, except at early times. This property has been found in several GRBs
and shows that at early times some other emission mechanism (likely Inverse
Compton, as discussed by Frontera et al. [16]) is at work.

2.2 Afterglow Spectra

In general, the late afterglow spectra, at least in the time interval during
which the X–ray observations are possible, are consistent with a power law
(I(E) ∝ E−Γ ) with a photon index Γ distributed according to a Gaussian
function with mean value Γm = 1.93 and standard deviation σ = 0.35 [18].
The emission mechanism is likely synchrotron radiation at least in some cases
(e.g., GRB970508 [21]), but in other cases a synchrotron self Compton mech-
anism appears to be at work (e.g., GRB000926 [23]). This mechanism implies
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Fig. 1. EF (E) spectrum of the GRB970111 prompt emission in the 10 contiguous
time intervals (from A to J) in which the GRB time profile was subdivided. The
GRB time duration in gamma–rays is 47 s. The dashed line shows the maximum
spectral slope which can be expected, below the energy peak, in the case of the
OTSSM. The continuous line shows the best fit with a Band function. Reprinted
from Frontera et al. [16].

a medium denser than a typical interstellar medium in the X–ray production
region. In the case of GRB000926, the inferred mass density is about 30 cm−3.
Multiwavelength spectra, from the radio to X–rays, are crucial to establish
the emission mechanisms at work.

Recently also thermal models have been found to better fit the X–ray af-
terglow spectra of a few GRBs observed with the XMM–Newton and Chandra
X–ray satellites: GRB001025A [41], GRB011211[34, 35], and GRB020813 [8].
In these cases an emitting plasma in collisional ionization equilibrium gives
the best description of the data.
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2.3 Fading Law of the Afterglow Emission and Its Geometry

In general, in the time intervals in which the X–ray observations have been
possible, we find a consistency of the fading law of the X–ray afterglow emis-
sion with a single power–law (F (t) ∝ t−δ), with distribution of the power-law
index δ consistent with a Gaussian with centroid δm = 1.33 and standard
deviation σ = 0.33 [18]. However, specially in the optical band, breaks in
the afterglow light curves of several GRBs have been observed [14]. These
breaks, in some cases, are also visible in the X–ray data, if the tail of the
prompt X–ray emission is assumed to already be X–ray afterglow emission
(e.g., GRB010222 [45]). In fact this assumption has been demonstrated to be
true by Frontera et al. [16], who found a correlation between X–ray fluence
of the tail of the prompt emission and that of the late afterglow. The fad-
ing breaks and their time of occurrence, within the statistical uncertainties,
appear to be independent of the photon energies.

The interpretation of these achromatic breaks has been discussed by var-
ious authors (e.g., [36, 37]). In the framework of the fireball model, a break
is expected to occur if the relativistically expanding material is concentrated
within a cone with angular width θc. As long as the Lorentz factor γ of the
out flowing material is larger than 1/θc, due to relativistic beaming, the ra-
diation is emitted within an angle θb = 1/γ from the cone axis, with θb < θc.
When γ drops below 1/θc, the observer begins to see the edge of the cone and
then the effect of the collimated outflow: a light curve steepening. Assuming
a jet geometry and a uniform distribution of the energy within the jet, from
the available data, Frail et al. [14] found that the distribution of the released
energy per GRB is centered at 5 × 1050 erg, a value almost compatible with
the energy released in a supernova explosion.

From the time behavior of the X-ray afterglow light curves, we can infer
only a lower limit to the jet angle. This is a few degrees, which is consistent
with the lowest opening angles derived by Frail et al. [14]. A stronger con-
straint on the opening angle is now found by the polarization measurement
of GRB021206: about 0.4 degrees [9].

2.4 The Ep vs. Erad Relationship

An investigation devoted to search out correlations between parameters de-
rived from the redshift–corrected energy spectra of GRBs with known redshift
has permitted us to discover [3] a power–law relation between intrinsic peak
energy Ep of the νF (ν) spectra and isotropic electromagnetic energy Erad

released in the GRB event:

Ep ∝ E0.52±0.06
rad (1)

This relation is now confirmed [4] by more BeppoSAX and HETE-2 results
(see Fig. 2). It puts strong constraints to the GRB emission models: inde-
pendently of the radiation pattern geometry, the Ep vs. Erad relation has to



X-ray Emission from Gamma-Ray Bursts 471

Fig. 2. Peak energy Ep of the redshift-corrected energy EF (E) spectra of GRBs
with known redshift as a function of the isotropic gamma–ray energy released during
prompt emission. Reprinted from Amati [4].

be satisfied. The optically thin synchrotron shock model expects a similar
relation, but only with too simplified assumptions, like the same duration
of all GRBs [26]. A discussion on the possible interpretations of the above
relation is given by Zhang and Mészáros [46] within the internal and external
shock scenario.

2.5 The GRB Environment

Two main probes of the GRB environment are offered by the X–ray data:
detection of absorption cutoffs in the GRB continuum spectra of the prompt
and/or afterglow emission, detection of emission and/or absorption spectral
features. Both these probes not only give information on the circumburst
environment, but are an important tool to unveil the nature of the GRB
progenitors.

Time variable NH have been discovered in the prompt emission of 4 GRBs:
GRB980329 [16], GRB990705 [1], and GRB000528 [20] and GRB010214 [22].
Also in the case of the X–ray afterglow emission, evidence of a hydrogen col-
umn density higher than that Galactic one, has been reported for GRB980329
[44], GRB980703 [40] and GRB010222 [45].

Evidence of X-ray emission features has been found in the afterglow spec-
tra of 8 GRBs. The lines found with BeppoSAX concern 2 GRBs (970508
[32], and 000214 [5]), those found with Chandra concern GRB991216 [33] and
GRB020813 [8], while those found with XMM–Newton concern GRB001025A,
[41], GRB011211 [34, 35] and GRB030227 [42]. A line from GRB970828 [43]
was detected with the Japanese X–ray satellite ASCA. Independently of the
specific identification, all the detected lines point to the presence of ionized
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metals at the time of the afterglow measurements, with the ionizing radiation
likely being due to the GRB power output. The relative metal abundance in-
ferred for the lines is very large: about 10 in the case of the light metals (e.g.,
[8]), values ≥ 60 in the case of Iron (e.g., [33]). Thus X-ray lines rule out the
NS merger models and strongly point to an environment typical of a young
supernova explosion.

Evidence of transient X–ray absorption features in the prompt emission
has been found for two events: GRB990705 [1] and GRB011211 [19]. The
absorption feature from GRB990705 was interpreted by Amati et al. [1] as a
cosmologically redshifted K edge due to neutral Fe around the GRB location,
and by Lazzati et al. [25] as an absorption line due to resonant scattering
of GRB photons on H-like Iron (transition 1s-2p, Erest = 6.927 keV). In
both scenarios, the observed feature points to the presence of an iron-rich
environment.

In the case of the transient line feature from GRB011211, the scenario is
much more complex. Given that the redshift of the GRB optical counterpart
is known (z = 2.14), if the line feature is interpreted as due to resonant
scattering of GRB photons off , e.g., H–like Ni XXVIII (rest frame energy of
8.1 keV), the measured line energy implies a very high blue-shift (by 0.75c) of
the absorbing material. A possible interpretation of the feature is discussed
by Frontera et al. [19].

2.6 GRB-SN Connection

The conclusions of the last two sections strongly point to a connection be-
tween supernovae and GRBs. The most direct evidence of this connection
has been recently obtained in the case of GRB030329/SN2003dh [24, 38]:
nine days after the burst the optical afterglow spectrum of GRB030329 ap-
pears to be the superposition of a power-law continuum plus a spectrum
consistent with that observed from Type Ic supernova SN1998bw, which was
associated with GRB980425 [28] on the basis of a positional and tempo-
ral coincidence. Thus the GRB030329/SN2003dh connection has shed light
also on the GRB980425/SN1998bw connection issue (see, e.g., [29] and ref-
erences therein). On the basis of the results on GRB030329, also the con-
nection of GRB980425 with SN1998bw appears strongly enforced. Also the
recent XMM–Newton observation of SN1998bw enforces such connection. In-
deed, combining the XMM–Newton data with the BeppoSAX data, the X-ray
light curve of GRB980425/SN1998bw appears to be the superposition of two
components, the GRB power–law fading emission plus the emission from a
peculiar type Ic supernova [30].
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3 Conclusions

In spite of the big step forward accomplished in the last 7 years after the
discovery of the first X-ray afterglows, many questions about the GRB phe-
nomenon are still open, which can only be answered with further X–ray obser-
vations. A thorough discussion of the open issues can be found elsewhere [18].
Many of these issues are expected to be settled in the coming years, mainly
with the launch of the SWIFT satellite. But a relevant contribution is ex-
pected also to be given by INTEGRAL, AGILE, and GLAST satellites, and
later by the LOBSTER experiment aboard the International Space Station.
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Summary. Simple kinematic theories of particle acceleration at relativistic shocks
lead to the prediction of a high-energy spectral index of -1.1 for the energy flux of
synchrotron photons. However, several effects can change this picture. In this paper
I discuss the effect of magnetic field generation at the shock front and, by analogy
with the Crab Nebula, suggest that an intrinsic break in the injection spectrum
should be expected where the electron gyro radius is comparable to that of protons
thermalized by the shock.

1 Introduction

The process or processes which accelerate the particles responsible for the
nonthermal emission observed in gamma-ray bursts and in their after-glows
are still unknown. However, the only proposed mechanism with significant
predictive power is the first-order Fermi process operating at a shock front.
In nonrelativistic flows, this mechanism has been applied in a wide variety
of astrophysical situations and has been the subject of considerable theoret-
ical effort – with interest currently focused on nonlinear aspects [16]. The
relativistic outflow from a gamma-ray burst, on the other hand, demands a
different approach [11], which is able to account for the intrinsic anisotropy
of the particle distribution functions. In this paper I briefly review the sta-
tus of the relativistic theory, present some new calculations of test-particle
acceleration in the presence of shock-generated magnetic field, and discuss
the application of the process to the modeling of GRB after-glow spectra,
stressing an analogy with models of the relativistic termination shock of the
wind from the Crab pulsar.

2 Kinematics

The kinematic problem of particle acceleration at a relativistic shock, i.e.,
that of finding the distribution of a collection of test particles undergoing
small-angle, random, elastic (in the plasma frame) deflections in the vicin-
ity of a discontinuity in the (relativistic) plasma velocity is well-understood.
An analytic method based on an eigenvalue decomposition is available which
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Fig. 1. The high-energy power-law index s (upper panel) and compression ratio
(lower panel) as a function of the spatial component of the upstream four speed Γu.
The dotted line refers to a shock in a gas with negligible rest-mass and the solid
line to a strong shock (i.e., cold upstream medium) in an ideal gas with adiabatic
index 5/3.

gives the spectrum and angular dependence of the distribution function at
energies well above those of injection for arbitrary shock speeds [12]. In ad-
dition, Monte-Carlo simulations have been performed, finding results which
are in good agreement with the analytic approach [1, 3]. These results are
illustrated in Figs. 1 and 2. Well above the injection energy the phase-space
density f is a power-law in momentum: f ∝ p−s and at the shock front the
angular dependence is well-approximated by the simple expression

f ∝ (1 − µsu)−s exp
(
− 1 + µs

1 − µsu

)
(1)
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Fig. 2. A comparison (from [1]) between a Monte-Carlo simulation and the analytic
result for the particle flux across a shock front as a function of the cosine of the
angle θd between the particle velocity and the shock normal measured in the frame
in which the downstream plasma is at rest. θd = 0 corresponds to motion along the
normal from downstream to upstream. Jump conditions for a relativistic gas are
used and the upstream plasma has a Lorentz factor Γ = 1000.

where µs is the cosine of the angle between the shock normal and the particle
velocity cu measured in the frame in which the shock is at rest and the
upstream plasma flows along the shock normal. Fig. 1 shows the compression
ratio and the high-energy power-law index s as a function of the spatial
component of the 4-speed Γu of the upstream plasma, where Γ = (1−u2)−1/2.

For gamma-ray bursts, an interesting aspect of these results is that the
power-law index tends asymptotically to the value s ≈ 4.23 for large shock
Lorentz factors (or, equivalently, upstream Lorentz factors), independent of
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the equation of state of the plasma. This asymptotic value is essentially fixed
by the compression ratio of the shock and depends only weakly on the form
of the scattering operator used to describe the small-angle deflections [12].

There is an important difference between the scattering operator conven-
tionally used in nonrelativistic theory and that used for relativistic shocks.
The nonrelativistic picture assumes it is reasonable to define the trajectory
of a particle between scatterings (the unperturbed motion) in terms of the
motion of its guiding center. Scatterings cause a change in the pitch-angle,
leading to the diffusion of particles along magnetic field lines. Cross-field dif-
fusion is suppressed in this picture. However, as seen in the frame of the
downstream medium, the magnetic field carried towards a shock by an up-
stream plasma flowing at high Lorentz factor appears to lie almost in the
plane of the shock front. As a consequence, relativistic shocks are perpen-
dicular shocks [4] which cannot be multiply crossed by particles diffusing
along field lines. The first-order Fermi mechanism does not operate in this
configuration unless cross-field diffusion is effective.

In a uniform field, a particle which crosses a relativistic shock front from
downstream to upstream will be recaptured by the front after executing a
fraction of roughly ∼ 1/Γ of a gyration. Thus, if scattering plays a role,
it is reasonable to describe the unperturbed trajectory not as a helix, but
as a straight line. This is especially true if, as expected (see next section),
the field is highly nonuniform on the length scale of a gyro radius. In this
case the role of the average field (if it exists) ceases to be important, and
the description of the stochastic trajectory is in terms of deflections of the
velocity, rather than changes in pitch angle. This is the form of operator used
in the analytic approach. In Monte-Carlo treatments, it is possible to retain
the effect of an average field [1, 18]. Provided the turbulence remains strong,
little difference is found. However, as expected, the acceleration mechanism
becomes less effective as the turbulence diminishes [19]. Explicit calculations
of particle motion in a random magnetic field have also been performed [2, 5]
and used to compute the acceleration around a relativistic shock for Lorentz
factors Γ ≤ 5 [2] and, more recently, for Γ ≤ 100 [14]. The latter find good
agreement with the analytic result on the asymptotic power-law index.

3 Nonlinear Effects and Magnetic Field Generation

In contrast with the situation in nonrelativistic shocks [16], the nonlinear
modification of relativistic shock does not affect the asymptotic power-law
index. There are two reasons for this: firstly, isotropized, accelerated particles
behave like a relativistic gas with adiabatic index 4/3, so that the overall
compression ratio of an ultra-relativistic shock front remains 3, even when
a significant part of the overall energy and momentum flux is carried by
these particles. Secondly, the asymptotic power-law index in the test-particle
picture is soft (i.e., s > 4). This means that it is possible to consider a
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Lorentz factor above which the test-particle approximation is valid, because
the energy density in the remaining accelerated particles is indeed small.
Nevertheless, a strong nonlinear effect can be exerted by particles of lower
energies, whose mean free path to scattering is comparable to the size of
internal structures in the shock transition [7].

Although there are strong indications that collisional processes may be
important in the inner parts of a GRB fireball r < 1016 cm [6, 23], the plasma
responsible for the after-glow is probably best treated as collisionless. The
most promising way of forming a relativistic shock in such a plasma is by the
Weibel instability [17, 25, 26], which generates downstream magnetic field
perpendicular to the streaming motion of the plasma i.e., in the plane of the
incipient shock. A full simulation of this situation has not yet been performed,
but recent 3D-PIC simulations of colliding plasma shells [8, 21, 22] suggest
that magnetic field can be generated with a strength up to σ ≈ 1%. (Here
the magnetization parameter σ is defined as the ratio of the magnetic energy
density to twice the total enthalpy density (including rest mass) as measured
in the plasma rest frame). This is encouraging, since it is roughly the level
implied by spectral modeling [20] of GRB after-glows.

The spectrum of accelerated particles is certainly closely tied to the evolu-
tion of the turbulent magnetic field. However, if we are interested only in high
energy particles of long mean free path, the power-law index predicted by the
first-order Fermi mechanism can be calculated simply by modifying the shock
jump conditions to account for the generated field. To do this, we consider
time-averaged conditions, so that linear functions of the electromagnetic field
vanish. The stress-energy tensor in the plasma frame is

Tµν =
(

w +
B2

4π

)
uµuν +

(
p +

B2

8π

)
gµν − BµBν

4π
(2)

(for notation see [11]) and the last term on the right hand side does not
contribute to the fluxes across the shock front if the magnetic field lies in
the shock plane. As a result, the jump conditions are the same as those of
an unmagnetized fluid, provided the magnetic enthalpy density B2/4π and
pressure B2/8π are taken into account [15]. For a relativistic gas, this gives
an effective adiabatic index

γeff =
4(1 + σ)
(3 + σ)

(3)

leading to an asymptotic compression ratio of 1/ (γeff − 1) and a relative
speed of the upstream medium with respect to the downstream medium cor-
responding to the Lorentz factor Γrel = Γ

√
(2 − γeff)/γeff (where Γ is the

Lorentz factor of the shock front seen in the upstream medium). As σ in-
creases, the compression ratio of the shock decreases and the high-energy
power-law softens, as shown in Fig. 3.
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Fig. 3. The compression ratio and power-law index s for a gas of adiabatic index
5/3 in which a magnetic field is generated downstream to the level σ = σ+ (see
text for notation).

4 Learning from the Crab

A relativistic wind carries energy from the Crab pulsar out to the Nebula.
This is released into nonthermal particles at a termination shock, which is
probably the best observed relativistic shock in the universe. The average
Lorentz factor of the upstream plasma can be estimated from the spin-down
luminosity of the pulsar and the total number of electrons and positrons
which have accumulated in the Nebula [13] to be between ∼ 104 and 106.
This is well into the asymptotic region of high Γ as far as the first-order
Fermi process is concerned, and the X-ray synchrotron emission [24] indeed
corresponds to the predicted power-law index of s = 4.2 for a plasma in which
the magnetic energy plays no dynamical role [9].

However, the integrated synchrotron spectrum displays not only the ex-
pected “cooling break”, at a frequency where the characteristic cooling time
corresponds roughly to the age of the object, but also a second break at higher
frequency [9]. This is presumably due to an intrinsic feature of the accelera-
tion process and probably characterizes the transition between two different
mechanisms. One possibility is that the break energy reflects the different
spatial scales associated with ions and electrons/positrons. Regarded as dis-
tinct fluids, these components would be expected to produce shock structures
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each on the scale of the thermal gyro radius: ΓMc2/eB and Γmc2/eB, re-
spectively. However, strong heating of the electron/positron gas, perhaps via
the maser mechanism proposed by Hoshino et al. [10], should result in a
smearing out of the smaller of these two scales. Below Lorentz factors of
roughly ΓM/m, the hard (s ≈ 3) maser mechanism should dominate over
the first-order mechanism for electrons and positrons. An alternative explana-
tion, which assumes the ions in the Crab wind carry very little of the energy
flux, is that magnetic field dissipation within the shock front is responsible
[15].

Whichever (if any) of these speculations is correct, the implications for
GRB models are that the intrinsic spectrum is unlikely to be a single power-
law. Hard spectra (s < 4) concentrate energy at the highest Lorentz factors
and are not expected from the first-order Fermi mechanism at a relativistic
shock. The signature of the latter is a softer spectrum extending above the
bulk of the distribution with a power-law index which ranges from 4.2 to
about 4.4, depending on the efficiency of magnetic field generation.
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Summary. We present some preliminary results of relativistic hydrodynamic sim-
ulations of post-neutron star merger disks as potential candidates for progenitors
of short-lasting gamma-ray bursts. We discuss some of the generic conditions under
which a gamma-ray burst can be initiated in this kind of progenitor and the main
characteristics of the resulting outflow.

1 Introduction

Gamma-ray bursts (GRBs) are sudden releases of energy which are, most
probably, linked with catastrophic collapse events of massive stars (collapsars
[17]; hypernovae, [13]) or with mergers of compact binaries [5, 6, 11, 12]. In
all these models a fraction of the gravitational binding energy released by
accretion of matter from a thick torus girding a stellar mass black hole (BH)
is thought to power a pair fireball. Assuming that the baryon load of the
fireball is not too large, the baryons are accelerated together with the e+ e−

pairs to Lorentz factors > 102 [4].
Due to their different duration and spectral properties GRBs are com-

monly divided in two classes: short (≤ 2 s) and long (≥ 2 s) GRBs [9]. The
long subtype of GRBs has been quite extensively observed and there is a
relatively large number of afterglow multi band observations from radio to
X-rays. These observations have shed some light on the kind of progenitors
and environments in which such progenitors reside. From the numerical point
of view, the generation and early evolution of long GRBs in the framework of
the collapsar model has been studied using 2D Newtonian [10] and relativistic
hydrodynamics [2, 3, 18]. Observations of short GRBs are less numerous and
it has not been possible to detect them in multi frequency searches.

The scenario arising after the merging process of a compact binary system
consists of a central BH of a few solar masses girded by a thick accretion torus
whose mass is of 0.05 − 0.3 M� [14, 8]. Once the thick disk is formed, up to
∼ 1051 erg can be released above the poles of the BH in a region that contains
less than 10−5 M� of baryonic matter due to the release of energy via ν–ν̄
annihilations. In principle, this may lead to the acceleration of this matter
to ultrarelativistic speeds accounting for a successful GRB. If the duration of
the event is related to the lifetime of the system [15] this kind of events can
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only belong to the class of short GRBs because the expected time scale on
which the BH engulfs the disk is fractions of a second [14].

In this work we address the question of whether a local deposition of
energy around the remnant left over from the merger of two neutron stars
can yield the formation of a pair of relativistic, collimated plasma outflows
in opposite directions that can account for short GRBs. We employ 2D gen-
eral relativistic hydrodynamic numerical simulations to study the properties
of the outflows generated when pure thermal energy is released in a wide
angle cone around the rotation axis of the system consisting of a stellar
mass BH surrounded by a thick accretion torus. We use the high-resolution
shock-capturing code GENESIS [1] to integrate the general relativistic hy-
drodynamic equations in 2.5D (i.e., in spherical (r, θ) coordinates assuming
that there is no φ dependence of any physical quantity although the φ com-
ponents of any vector can have non-zero values). Among the issues that we
want to study are: the viability of the scenario of compact object mergers
for producing ultrarelativistic outflows: the mechanism that can account for
collimation (if any) of the outflowing plasma; the expected duration of GRB
events generated in this framework; and the relation to the time during which
the source of energy is active.

2 Initial Model and Numerical Set Up

We have constructed two initial models in which the gravitational field is
provided by a Schwarzschild BH of 3 M� (models type-A) and 2.44 M�
(models type-B) located at the center of the system (effects on the dynamics
due to the self-gravity of the accretion torus or the external environment
are neglected). These black holes are surrounded by thick accretion disks for
which the initial configurations are built either by guidance through the data
of Ruffert & Janka [14] and then letting the model relax until a torus of
0.1 M� is obtained (type-A), or by analytically following a prescription very
close to that of Font & Daigne [7] in order to build an equilibrium torus of
0.07 M� around a Schwarzschild BH (type-B). The initial models include an
environment which is of high density and non uniform in type-A models. In
type-B models it is spherically symmetric, with low density which decreases
with radius (ρ ∼ r−3.4) and that has a total mass of 2.52 × 10−7 M�. These
initial configurations, although they are ad hoc (i.e., not the result of a full
computation of the merger epoch), mimic the expected state of a remnant
of the merger of a compact binary system sufficiently well for our purposes.
We assume equatorial symmetry, and we cover 90◦ in the angular θ-direction
with 200 uniform zones. In the r–direction the computational grid consists
of 400 (type-A) or 500 (type-B) zones spaced logarithmically between the
inner boundary and an outermost radius of Rmax = 2 × 1010 cm (thus, we
can study the evolution of any outflow up to ∼ 0.5 s). The equation of state
includes the contributions of non-relativistic nucleons treated as a mixture
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of Boltzmann gases, radiation, and an approximate correction due to e+e−–
pairs [16]. Complete ionization is assumed, and the effects due to degeneracy
are neglected.

In a consistent post neutron star merger model an outflow will be powered
by any process which gives rise to a local deposition of energy and/or mo-
mentum, as e.g., νν̄–annihilation, or magneto-hydrodynamic processes. We
mimic such a process by releasing pure thermal energy in a prescribed cone
around the rotational axis of our system. In the radial direction the deposi-
tion region extends from the inner grid boundary located at 2 gravitational
radii (Rg = GM/c2; G, M and c being the gravitational constant, the mass
of the BH and the speed of light in vacuum, respectively) to the outer radial
boundary. In the angular direction, the opening half–angle of the deposition
cone (θ0) was chosen to be in the range 30◦−75◦. From the annihilation rate
distribution computed in [14] and [8], we infer a power law distribution for
the energy deposited per unit of volume in the surrounding of the system
whose explicit form was approximated as q̇ = q̇0z

−n, where z is the distance
along the rotation axis, n is the power law index (n = 5 hereafter) and q̇0 is a
normalization factor that we use to fix the total energy deposition rate (Ė).

3 Results

We have done a parameter study addressing three different aspects of the
morphology and dynamics of outflows resulting from neutron star merger
remnants. The first one is the question for the consequences of increasing Ė
from 5 × 1049 erg s−1 to 5 × 1051 erg s−1, using a fixed value of the opening
half–angle (θ0) of the deposition region. The second aspect is the dependence
of the results when varying θ0 while keeping the rest of the parameters fixed.
Finally, we compare models having the same rate of energy deposition per
unit of volume.

For energy deposition rates larger than a certain threshold Ėth, all the
models lead to either relativistic jets or ultrarelativistic winds (i.e., fireballs).
The threshold is due to the need of overcoming the ram pressure pram that is
exerted by the infalling external medium onto the new born fireball close to
its initiation site. If the amount of energy per unit of volume pumped into the
deposition region (in an interval of about of the free falling time of the fluid
located at distances of the order of the radius of the torus) is not larger than
pram, the fireball is swallowed by the BH. The precise value of the threshold
is model dependent as long as the densities and accretion velocities outside
the thick torus depend on the details of the merger phase. For type-A models
we find Ėth ∼ 1049 erg s−1, while for type-B models Ėth

<∼ 1048 erg s−1. The
smaller value in type-B models is due to their smaller ambient density.

Depending on the energy deposition rate and on the ambient density we
find that the outflows are either jets (i.e., outflows where the lateral bound-
aries are causally connected) having a very small opening angle ( <∼ 8◦) or



486 Miguel A. Aloy

relatively wide opening angle ( <∼ 25◦) winds (i.e., the lateral boundaries are
not causally connected). Models close to the thresholds of the energy de-
position rate or with a high density environment tend to form relativistic
(Γ ∼ 10), low density, knotty jets whose head propagates at mildly rela-
tivistic speeds (∼ 0.6c). In contrast, models well above the threshold with
dense environments or, independent of the deposition rate, in case of diluted
environments either tend to form conical, ultrarelativistic (Γ >∼ 400) winds
which are smooth, propagate at relativistic speeds (∼ 0.97c) and can be fit-
ted by analytic power laws in case of models of type-A, or they propagate at
ultrarelativistic speeds ( >∼ 0.9999c) being rather irregular due to the effect of
large Kelvin-Helmholtz (KH) instabilities originating from their interaction
either with the torus, or with the environment in case of type-B. Indeed, the
growth of KH modes determines whether the profiles of the physical vari-
ables are smooth and monotonically decreasing in the r-direction (type-A),
or non-smooth and non monotonic (type-B). The larger growth of surface
instabilities in models of type-B is due to the larger density contrast with
respect to the environment in these type of models. An effect of the KH in-
stabilities is to entrain mass into the relativistic outflows of type-B models.
The amount of entrained mass is comparable with that of models of type-A.
However, in type-B models, the amount of matter piled up ahead of the out-
flow is much smaller (because there is much less mass in the ambient) leading
to a highly relativistic propagation velocity of the fireballs of type-B models,
while only allowing for mildly relativistic speeds in type-A models. Indeed,
the speed of propagation of the fireball is so large that models of type-B will
lead to successful GRBs (in contrast to models of type-A; see below).

Increasing the energy deposition rate yields, independently of the model,
an increase of the average Lorentz factor, and a decrease of the average den-
sity of the outflow at any given time. In models of type-A, the increase of
Ė results in a transition in the outflow morphology from relativistic jets
(Ė < 1051 erg s−1) to ultrarelativistic wind-like outflows (Ė > 1051 erg s−1).
In models of type-B, we find ultrarelativistic winds for all energy deposition
rates considered (Ė > 5×1048 erg s−1). For energy deposition rates leading to
conical wind structures, the opening angle of the outflow (θw) is quite insen-
sitive to the exact value of Ė (although it slightly increases with increasing
Ė), its value being ∼ 20◦ − 30◦.

In type-A models, decreasing θ0 produces a transition from narrow jets to
wide angle winds. In type-B models there is almost no difference in the open-
ing angle of the wind when we vary θ0 between 30◦ and 75◦. However, there
is a slight decrease of θw and an increase of the mass entrained (because of
the development of KH instabilities) with increasing θ0. In general, increasing
θ0 while keeping Ė constant leads to smaller average Lorentz factors in the
resulting outflow.

Releasing the same total energy per unit of volume and time leads in
models of both types to a larger baryon loading, when both θ0 and Ė are
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increased. In type-A models this also implies that there is a trend to form
relativistic jets instead of winds, when we increase θ0. In type-B models we
always form winds but they have more baryon loading with increasing θ0 and
Ė. The reason for this is that although the total energy deposition per unit
of volume is the same, the model having the smallest deposition angle sweeps
up less ambient mass (and drags less mass from the torus) than the model
having the largest deposition angle and energy deposition rate.

We conclude that the opening angle of the resulting outflow, provided it
is a jet, is set by the environmental conditions (mainly, the density). If the
generated outflow is a wind, then the complete collimation process happens
in less than 1 ms (approximately, the light crossing time of the torus) and
θw is set by the opening angle of the torus, and neither by the external
medium (which has much less inertia in type-B models because it is much
more rarefied), nor by the angular size of the deposition region.

We have checked the evolution of two models after the shut down of the
energy deposition. It turns out that outflows propagating in high density en-
vironments (type-A) will not yield successful GRBs while models with diluted
environments (type-B) can do so. The reason being that, in type-B models,
the speed of propagation of the leading radial edge of the fireball is faster
than the rear one when the energy deposition is shut down. This is not the
case in type-A models because they sweep up more ambient mass and the
leading front of the outflow slows down. We find that in type-B models the
fireball even stretches substantially in radial direction, because the propaga-
tion velocity of its leading front is larger than its rear edge. This points to
the possibility that the duration of the GRB emission can be much larger
than the time of the activity (i.e., of release of energy) of the central source.
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Plate (Aloy)

in the ultra−relativistic core of the outflow.  The values of the minimum logarithm of the Lorentz factor a
at each time are shown below each panel. In this model, thermal energy has been released during 100 ms 
at a rate of 2  10    erg/s in a conical region around the symmetry axis of half−opening angle 45 deg in

the radial stretching of the ultrarelativistic core of the fireball.  A possible consequence of this stretching
the vicinity of a 2.44 M   black hole.  Comparing the middle and right panels with the left one, it is noticeable

is that the duration of the GRB event can be larger than the time of activity of the source.  At the final 

The time of each snapshot is printed on top of each panel.  The scale is limited to enhance the variations 
Evolution of the Lorentz factor (in logarithmic scale) of the outflow after the central energy release shut−off. 

computed time (0.5s) the Lorentz factor of the fireball is still increasing and does not show any sign of
saturation yet.
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Plate 5.
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Summary. The present common view about GRB origin is related to cosmology,
and is based on statistical analysis, and on measurements of the redshifts in the
GRB optical afterglows of long GRB. No correlation is found between redshifts,
GRB spectrum, and total GRB fluence. Comparison of KONUS and BATSE data
about statistics and hard X-ray lines is done, and some differences are noted. Hard
gamma-ray afterglows, prompt optical spectra, hard X-ray lines, polarization mea-
surements could be very important for farther insight into GRB origin. Possible
connection of short GRB with soft gamma repeaters is discussed.

1 GRB Models

It is generally accepted now that cosmic gamma-ray bursts (GRB) have a
cosmological origin. The first cosmological model, based on explosions in
active galactic nuclei (AGN) was suggested in [25]. A mechanism of the GRB
origin in the vicinity of a collapsing object based on neutrino-antineutrino
annihilation was analyzed in [5]. GRB production in supernova explosion was
discussed in [7]. The GRB models may be classified by two levels. The upper
one is related directly to the observational appearance, and include 3 main
models” 1) Fireball, 2) Cannon Ball, and 3) Precessing Jets.

The main restrictions are connected with the next (basic) level of GRB
model, which is related to energy source, producing a huge energy output
necessary for a cosmological GRB model. This class contains 5 main models:

1. (NS+NS), (NS+BH) mergers. This mechanism was investigated numeri-
cally in [27, 28]. Gamma radiation is produced here by (ν, ν̃) annihilation,
and the energy output is not enough to explain most powerful GRB even
with account of strong beaming. The energy emitted in the isotropic op-
tical afterglow of GRB 990123 [1, 18] is about an order of magnitude
larger than the total radiation energy output in this model.

2. Magnetorotational explosion. Magnetorotational explosion, proposed in
[23] for a cosmological GRB, had been suggested earlier for the supernova

� This work is partly supported by RFFI grant 02-02-16900, INTAS/ESA grant
99-120, INTAS grant 00-491
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explosion in [6]. Numerical calculations gave the efficiency of a transfor-
mation of the rotational energy into the kinetic one at the level of few
percent [3, 4]. This is enough for the supernovae energy output, but is
too low for cosmological GRB.

3. Hypernova. This model, suggested in [23] is popular now, because traces
of the supernova explosions are believed to be found in the optical after-
glows of several GRB [13, 35]. The hypernova model is based on a collapse
of a massive core, formation of a black hole Mbh ∼ 20M�, surrounded by
a massive disk with a rapid accretion and appearance of GRB [19]. This
model seems to be most promising now.

4. Magnetized disks around rotating (Kerr) black holes (RBH). This model
is based on extraction of rotating energy of RBH when magnetic field
is connecting the RBH with the surrounding accretion disk or accretion
torus [37].

5. A model proposed in [29] creates the GRB by the pair-electromagnetic
pulse from an electrically charged black hole surrounded by a baryonic
remnant. The main problem here is how to form such a strongly charged
BH.

2 Basic Data

2.1 Statistics

Statistical arguments in favor of the cosmological origin of GRB are based
on a visual isotropy of GRB distribution on the sky in combination with a
strong deviation of log N − log S distribution obtained in BATSE observa-
tions [22] from the euclidian uniform distribution with the slope 3/2. Similar
properties have been obtained in KONUS experiment [20] where the au-
thors explained deviations from 3/2 slope by selection effects. The analysis
of KONUS data with account of selection effects made in [17] gave the average
value < V/Vmax >= 0.45 ± 0.03; the value 0.5 corresponds to pure uniform
distribution. KONUS data had been obtained in conditions of constant back-
ground. Similar analysis [31] of BATSE data, obtained in conditions of sub-
stantially variable background, gave resulting < V/Vmax >= 0.334 ± 0.008.
These two results seems to be in contradiction, because KONUS sensitivity
was only 3 times less than that of BATSE, where deviations from the uniform
distribution in BATSE data are sill large [15].

Statistical analysis and of BATSE data, divided in 4 classes according
to their hardness and calculation of < V/Vmax > for different classes have
been done in [32]. In the cosmological model we may expect smaller value of
< V/Vmax > for softer GRB in the case of a uniform sample, because larger
red shifts would correspond to softer spectra. The result is quite opposite,
and soft GRB have larger < V/Vmax > than the hard ones, 0.47 and 0.27
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respectively. It is supposed in [32] such a strong excess of luminosity in hard
GRB, which overcomes the tendency of the uniform sample.

The influence of statistical errors in presence of the threshold was analyzed
in [8]. The log N − log S curve in presence of statistical errors on the level
of average 10 thresholds has a similarity with the BATSE distribution.

2.2 Optical Afterglows and Red Shifted Lines

The spectra of optical afterglows have shown large red shifts z, up to 4.5, indi-
cating to the cosmological origin of GRB and their enormous energy outputs.
In most cases the red shifts have been measured in the faint host galaxies.
The list of red shift measurements is given in [10, 14]. The redshift data
from [14] are listed in [10] by total GRB fluences. Huge energy output during
a short time (0.1 - few 100 seconds) create problems for the cosmological
interpretation.

2.3 Collimation

To avoid a huge energy production, strong collimation is suggested in the
radiation of GRBs. The restriction to the collimation angle follows from the
analysis of the probability of appearance of the orphan optical afterglow
[26], which should have lower or no collimation. The absence of any variable
orphan afterglow in a search poses restriction Ωopt/Ωγ << 1/2100. At radio
wavelengths published source counts and variability studies have been used
in [24] to place a limit on the collimation angle, θγ ≥ 5◦.

Comparison of the red shifts and fluences presented in [10] shows no cor-
relation between distance and observed flux (see Fig. 1). It is explained by
strong collimation, and strong scattering is connected with different sight
angles in the beam. If the collimation is connected with the relativistic bulk
motion [13], then strong correlation between GRB duration and their power
should exist: stronger GRB should be shorter. Absence of such correlation
excludes models based on the relativistic bulk motion collimation.

2.4 Prompt Optical Afterglows

The prompt optical afterglow of GRB 990123 was caught by optical observa-
tions 22 seconds after the onset of the burst [1, 2]. GRB 990123 was detected
by BATSE on 1999 January 23.407594. The event was strong and lasted
≥100 s. The T50 and T90 durations are 29.82 (± 0.10) s and 63.30 (± 0.26)
s, respectively. The maximum optical brightness 8.95m was reached 30s after
the GRB beginning, and after 95s it was already at 14.5m. So the gamma
ray maximum almost coincides with the optical one. The observed optical
luminosity, related to the redshift z = 1.61 reaches Lopt ≈ 4 · 1049 ergs/s,
what is about 5 orders of magnitude brighter than optical luminosity of any
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Fig. 1. Fluence F versus redshift z for GRB data from [10].

observed supernova. The energy of the prompt optical emission reaches 1051

ergs, and the isotropic gamma-ray flux is about 2.3 · 1054 ergs, what ex-
ceeds the rest energy of the Sun [1, 18]. Another bright afterglows have been
observed in GRB 021004 (15m, z=2.3), GRB 030329 (12.4m, z=0.168) and
GRB 030418 (16.9m). Brightest visual magnitude and redshift are given in
brackets. Among those, the most remarkable afterglow observed by many ob-
servatories was in GRB 030329 (see e.g. [12, 30]), where the supernova was
probably detected by the features of the optical spectra [36].

2.5 High-energy Afterglow

EGRET observations on CGRO have shown that GRB emit also very hard
gamma photons up to 20 GeV [15]. The number of GRB with detected hard
gamma radiation is about 10, from them 5 bursts had registered photon en-
ergies over 100 MeV [33]. Hard gamma emission, as a rule, continues longer
than the main (soft) gamma ray burst, up to 1.5 hours in the GRB940217.
Comparison of the angular aperture of EGRET and BATSE leads to conclu-
sion that hard gamma radiation could be observed in large fraction (about
one half) of all GRB. Spectral slope in hard gamma region lays between (-
2) and (-3.7), and varies rapidly, becoming softer with time (GRB920622 in
[34]).

2.6 Hard X-ray Lines

Hard gamma-ray lines in GRB spectra had been discovered by KONUS [21].
They had been interpreted there as cyclotron lines, and have been seen in 20-
30% of the GRB. These spectra had shown a distinct variability: the visible
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absorption decreases with time. In BATSE data [11] 13 statistically significant
line candidates have been found from 117 GRBs. The only interpretation of
hard spectral feature in the cosmological model [16] is based on the blue-
shifted (Γ = 25 − 100) spectrum of the gas cloud illuminated by the gamma
radiation of the fireball, and seems rather artificial.

3 Discussion

The investigation of orphan optical bursts by all-sky optical monitoring could
be useful for putting better limits for the collimation. It is important to obtain
prompt optical spectra of the GRB afterglows when the optical counterpart
is still luminous, to investigate the polarization of the optical and X-ray
afterglow for clarification of the radiation mechanism, and get more data on
the hard gamma-ray afterglows.

The statistical analysis reveals at least two separate samples consisting of
long (>∼ 2 s) and short bursts. Optical afterglows and redshift measurements
have been done only for long bursts. Therefore, it is not excluded that short
bursts have different (may be galactic) origin. It is interesting to compare
the properties of short GRB with giant bursts from soft gamma-repeaters
(SGR) inside the Galaxy. From the larger distance only giant bursts would
be registered, which could be attributed to the short GRB. The existence of
the giant bursts in the SGR (3 in 4 firmly known SGR in the Galaxy and
LMC) implies a possibility for observation of giant bursts, which appear as
short GRB, in other neighboring galaxies. The estimation gives more than 10
expected ”short GRB” of this type from M 31 and other close neighbors [9].
The absence of any GRB projecting on the local group galaxies may indicate
that SGR are more close and less luminous objects, than it is now accepted
[9].
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Summary. Understanding the dynamical evolution of post-merger accretion disks
over a long timescale (comparable to their lifetimes) is essential to determine if
these can power short GRBs. Here we present preliminary results of such a study,
spanning 0.2 seconds, by using a realistic equation of state and taking into consider-
ation the effects of neutrino cooling (the main agent, given the physical conditions
in the disks).

1 Introduction

The central engines of cosmological gamma ray bursts remain a mystery,
but the veil that shrouds them has begun to lift, following the discovery
of X-ray, optical and radio afterglows since 1997. It appears now that long
GRBs, lasting more than a few seconds – and the only ones for which we have
afterglow observations – originate from the collapse of massive stars. This is
based partly on the fact that they are associated with regions of inferred high
star formation rates in the putative host galaxies [7]. The exact mechanism
by which the GRB is created is not entirely clear, but is most likely driven by
hypercritical accretion onto a newly formed black hole following the collapse
of the star.

Counterparts to short GRBs (tdur ≤ 2 s) have eluded observations so far,
and so there is less information to go on, but it seems plausible to assume
that they also originate at cosmological distances. One possibility is that they
are the product of compact binary mergers, involving the final coalescence
process of a double neutron star binary, or one containing a black hole. The
merger timescale of these binaries (after the formation of the two compact
objects) is a matter of current investigation and not yet settled [1, 8]. It
could be that the lack of afterglows so far is due to the fact that this class of
GRBs go off in a low-density environment (outside the host galaxy), making a
counterpart harder to find. This scenario also involves hypercritical accretion
onto a supramassive neutron star or a stellar mass black hole, following the
tidal disruption of the secondary and the formation of an accretion disk.

In previous work, we have investigated precisely the outcome of the bi-
nary merger of a neutron star with a stellar mass black hole, using a 3D
hydrodynamics code [3]. The calculation was only carried out for 20 ms or
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Fig. 1. First stages in the coalescence of a black hole-neutron star binary. The
logarithmic contours are for density in the orbital plane. The rapid formation of
an accretion structure close to azimuthal symmetry is clear. The axes are labeled
in km.

so, due to computational limitations. A typical sequence of events is shown
in Fig. 1, for an initial mass ratio MNS/MBH=0.31 using an ideal gas equa-
tion of state with adiabatic index Γ = 2. After a few orbital timescales, the
accretion torus is nearly axisymmetric, contains a few tenths of a solar mass
and is typically 400 km across. We refer the reader to [3] for further details
of this calculation.

The dynamical timescale (ms) in such a system is much too short to ac-
count for even short GRBs, and its evolution needs to be understood for a
longer period. We have addressed this, sacrificing one dimension in the prob-
lem by assuming azimuthal symmetry and modeling the disk in cylindrical
coordinates (r, z) for 0.2 s. The first results of these calculations, reported
in [4], took the initial conditions from an azimuthal average of the 3D re-
sults mentioned above, assumed an equally simple equation of state (ideal
gas, γ = 4/3) and used an α-viscosity to account for the transport angular
momentum.
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Fig. 2. Velocity field in the inner region of the accretion disk for α=0.1 (left) and
α = 0.01 (right) at t = 75 ms. The circulation patterns are clearly seen in both
cases.

Here we describe a new set of more realistic calculations for the same
initial configurations, having improved both the equation of state, and taking
into account the cooling of the disk through neutrino emission.

2 Post-merger Evolution of the Disk

2.1 Physical Conditions and Equation of State

The accretion structures that are formed following the disruption of the neu-
tron star are typically very dense (ρ ≥ 1011 g cm−3) and hot (T ≥ 5 MeV).
Nuclei are entirely photodisintegrated, and the gas consists of non-degenerate
free neutrons and protons, together with an extremely relativistic degenerate
electron gas and photons. With these assumptions the pressure is given by

P = ρkT/mp + K(ρ/µe)4/3 + aT 4/3 (1)

Note that even though the temperature is well above the threshold for pair
creation, the number of these pairs is extremely small because of the degen-
eracy. Thus they do not contribute to the last term in the above equation.
Steady state solutions to this type of disk have been recently considered [2, 5].
The time dependent evolution however, has not, and is of great importance,
since the disk is not being fed matter or angular momentum by any external
agent.

The timescale for the gas to achieve β-equilibrium, τβ , is shorter than the
accretion timescale, τacc. The electron fraction Ye (and immediately also µe)
is hence computed by assuming β-equilibrium, to maintain consistency. The
photons cannot cool the gas, since τacc is itself shorter than their diffusion
time, τdif . However, neutrinos are emitted in copious amounts (our calcu-
lations consider neutrino bremsstrahlung, plasmon decay, pair annihilation
and electron and positron capture onto nucleons), and are the main source of
cooling (the rates are as given in [2]). We do not consider explicitly the effects
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Fig. 3. Neutrino luminosity Lν as a function of time for α = 0.1 (upper solid line)
and α = 0.01 (lower solid line). The dashed line is a reference power law Lν ∝ t−5/4.

of neutrino transport, but simply assume that the optical depth of the fluid
is small enough that they can escape freely. A crude a posteriori estimate
of where the neutrino-surface lies indicates that τν � 1 at ρ � 1011 g cm−3

(based on the scattering off free nucleons (e.g., [6]). So the innermost region
of the accretion disk becomes optically thick to neutrinos, and diffusive ef-
fects are expected to be important. This is something that clearly needs to
be addressed in future work. For now, our assumptions allow us to compute
upper limits to the neutrino luminosity in such disks.

2.2 Numerical Modeling

The actual dynamical evolution calculations are carried out using the same
Smooth Particle Hydrodynamics (SPH) code used in previous studies of such
disks [4]. The code solves the equations of motion for the fluid in the pres-
ence of a central mass (the black hole) in azimuthal symmetry. The equation
of state has been modified, and neutrino cooling has been implemented, ac-
cording to the discussion in section 2.1. The central mass produces a Newto-
nian point-mass potential, and the event horizon is modeled by an absorbing
boundary at the Schwarzschild radius rg = 2GMBH/c2. The disk accretes
because of the transport of angular momentum, modeled with an α-viscosity.
The disks have initially between 20,000 and 80,000 SPH particles. We show
here results for calculations that used α = 0.01 and α = 0.1, lasting 0.2 s.
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2.3 Results

Figure 2 shows the velocity field in the inner regions of the accretion disks
for two values of the viscosity parameter. The circulation patterns that are
seen are similar to what we obtained in previous calculations. For large α the
circulation has a vertical scale that is comparable to the radial coordinate,
while for small α the cells are much smaller. The pattern persists throughout
the calculations, diminishing in strength progressively.

Figure 3 shows the neutrino luminosities as functions of time for the same
calculations. Roughly, Lν ∝ t−5/4, with slight differences between the two
cases at late times. These are basically due to the fact that the high-viscosity
disk dissipates more energy and is thus able to maintain higher luminosities.
It is worth mentioning that for the physical conditions in the disk, electron
and positron capture onto free nucleons gives the dominant contribution to
the cooling rate.

3 Conclusions

From the curves shown in Fig. 3 one can in principle compute the energy de-
position rates through ν-ν annihilation, as a function of time, and investigate
whether this process can drive a relativistic outflow.

Regardless of this particular aspect, after 0.2 s, the disk still contains
several tenths of a solar mass, and densities in the inner regions reach
1011 g cm−3. Were the magnetic field in such a plasma to reach equipar-
tition values, the field strength would be B � 1015−16 G, sufficient to be able
to drain the energy of the disk (or of the black hole) and power a short GRB.
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Summary. We assess the ability of neutron star binary coalescence to produce
short gamma-ray bursts (GRBs). We find that the neutrino annihilation above the
merged remnant will drive bipolar, relativistic jets along the initial binary rotation
axis. This outflow can be collimated by the energetic, neutrino-driven baryonic wind
that is blown off the remnant. Despite the narrow neutron star mass distribution
the apparent luminosities will be spread over a broad range from ∼ 1049 to ∼ 1052

erg s−1, typical jet opening half-angles are around 5 degrees. If the central core of
the merger remnant does not collapse immediately convective dynamo action will
set in and the available kinetic energy can be transformed into magnetic fields in
excess of 1017 G. The corresponding spin-down time scale is ∼ 0.2 s, just about the
duration of a short GRB.

1 Introduction

While there is so far no direct evidence linking coalescence of double neu-
tron star systems to gamma-ray bursts (GRBs), there can be no doubt about
the plausibility of this system, at least for the subclass of short GRBs. Neu-
tron star binaries can provide huge reservoirs of gravitational binding energy
and are expected to lead naturally to short overall durations with variations
on millisecond time scales. In the following we want to asses two popular
mechanisms to launch a GRB.

2 Numerical Method and Simulations

We have performed global, 3D simulations of the last stages prior to the coa-
lescence and followed the subsequent hydrodynamical evolution for about 15
ms. We use a temperature and composition dependent nuclear equation of
state that covers the whole relevant parameter space in density, temperature
and composition [16, 24, 25]. In addition, a detailed, multi-flavor neutrino
treatment has been applied to account for energy losses and compositional
changes due to neutrino processes. The neutrino treatment and the results
concerning the neutrino emission have been described in detail in [18]. To
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Fig. 1. Column density of an initially corotating neutron star binary system. For
this simulation more than 106 SPH particles have been used.

solve the hydrodynamic equations we use the smoothed particle hydrody-
namics method (SPH), the simulations are performed with up to more than
a million SPH particles, see Fig. 1. The details of the production runs as well
as those of several test runs can be found in [16, 18, 19]. Results focusing
particularly on gamma-ray bursts have been presented in [17, 19, 20].

3 Assessment of the GRB Mechanisms

The energy released in a GRB represents just a minor fraction of the released
gravitational binding energy (several times 1053 erg). This allows (in princi-
ple) for a plethora of possible burst mechanisms. The most popular of these
are neutrino annihilation [1, 2, 5, 11, 15, 21, 22, 23] and the extraction of
rotational energy via magnetic fields [6, 9, 10, 12, 14, 26, 28, 29].

3.1 Neutrino Annihilation

We find the merger remnant to emit neutrinos at a total luminosity of ∼
2 × 1053 erg s−1. The luminosities are dominated by electron anti-neutrinos,
followed by electron neutrinos and -slightly less luminous- the heavy lepton
neutrinos. Their rms energies are around 15, 8, and 20 MeV, respectively.
The bulk of the neutrino emission comes from the inner regions of the hot
torus that has formed around the central object of the merger remnant (see
[18] for details). In this context we consider two phenomena: 1) neutrinos and
anti-neutrinos that annihilate above the merger remnant into e± pairs and
2) like in the case of a newborn proto-neutron star the neutrinos will blow
off a strong baryonic wind from the remnant.
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Fig. 2. Relativistic jet launched from a merger remnant via νν̄ annihilation (upper
half-plane; for details see [20]). Grey scale coded is the logarithm of the attainable
Lorentz factor.

The thick disk with its geometry that is favorable for head-on neutrino
collisions and its low baryon density along the original binary rotation axis
launches a pair of relativistic jets [17]. An example of such a jet is shown in
Fig. 2.

The typical energy provided in this way (∼ 1048 erg), however, is way
below the isotropic energy estimates for short GRBs (∼ 1051 erg) at a redshift
of z = 1 [7, 13] and therefore neutrino annihilation can only be a viable GRB
mechanism if it goes along with a substantial collimation of the resulting
outflow.

Such a collimation can be obtained via the ram pressure of the neutrino-
driven, baryonic wind. This hydrodynamic collimation mechanism has been
suggested by Levinson and Eichler [8]. They find that the jet half opening
angle at large distances from the source, θ, is determined by the ratio of jet
and wind luminosity, θ ∝ Lj/Lw. Since the luminosity in the wind exceeds
that of the jet by far, the outflow is collimated into a narrow solid angle. Using
the theoretical neutron star mass distribution of [4], calculating the neutrino
emission as a function of the binary system mass and parameterizing the
dependence of the wind luminosity as a function of the neutrino luminosity,
Lw ∝ Lα

ν , α = 3.2...3.4 [27], we find the distributions of opening angles and
luminosities shown in Figure 3. The broad distribution of opening angles is
centered around 6 degrees, the luminosities around a few times 1050 erg s−1.
This is compatible with both the observational constraints on the luminosities
of short GRBs and the estimated neutron star merger rates [19].

3.2 Magnetic Processes

The violent fluid motion within the merger remnant will almost certainly
amplify the initial neutron star seed fields tremendously. To date, we are still
lacking detailed MHD calculations of a neutron star coalescence, so we still
have to wave our hands and draw conclusions from either simplified analytical
models or purely hydrodynamic calculations.
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Fig. 3. Distribution of opening angles and apparent luminosities (inset) for GRBs
launched via νν̄ annihilation and collimated by means of a baryonic wind. (The
dashed lines refer to α = 3.2, the dotted to α = 3.4; see text).

The equipartition field strength, Beq =
√

8πρc2
s in the central object

of the merger remnant is (depending on the exact position) between 1016

G and 1018 G, and 1014 to 1016 G in the surrounding torus [20]. If just
the relatively slow wrapping of the field lines via differential rotation (and
no feedback onto the fluid) is assumed, equipartition will be reached in the
central object within a few tens of seconds (provided it remains stable for long
enough) and in the torus in around 4 s. Other field amplification mechanisms
are expected to amplify the field exponentially leading to much shorter time
scales. The fluid motion within the central object exhibits “convective cells”
with sizes of ∼ 1 km and velocities of ∼ 108 cm s−1. Moreover, the neutrino
emission will, like in a proto-neutron star, establish a negative entropy and
lepton number gradient and therefore drive vigorous convection (e.g., [3]).
We find Rossby numbers (ratio of rotational and convective time scales),
Ro ≡ Trot/τconv, substantially below unity (down to 0.1) and therefore expect
that the system can sustain a large scale dynamo. Such a dynamo will increase
the magnetic field exponentially with an e-folding time close to the convective
time scale. Using the numbers determined from our simulations we find that
equipartition will be reached within tens of milliseconds. The kinetic energy of
the central object, Ekin, is large enough for an average field strength 〈B〉co =√

3 · Ekin/R3
co ≈ 3 × 1017 G, where Rco is the radius of the central object.

With this average field strength the spin-down time scale is τsd = Ekin/Lmd ≈
0.2 s, where Lmd is the magnetic dipole luminosity, i.e. τsd is of the order of
the typical duration of a short GRB.

A discussion of further possible magnetic mechanisms can be found in
[20]. All of these mechanisms yield luminosities in excess of a few times 1052

erg s−1and therefore yield typical time scales of order 1 s.
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4 Conclusions

We have assessed the two most popular mechanisms to produce short GRBs
from the coalescence of neutron star binaries, namely the annihilation of neu-
trino anti-neutrino pairs and magnetic energy extraction mechanisms. We
find that νν̄ annihilation provides the driving stresses to launch a pair of
relativistic, bipolar jets. To explain the expected isotropic energies the jets
have to be narrowly collimated. This collimation can be provided by the ener-
getic, neutrino-driven baryonic outflow that goes along with the coalescence.
Due to the sensitivity to the neutrino luminosities even a narrow mass spec-
trum results in a broad distribution of opening angles and apparent GRB
luminosities.

We further expect the initial neutron star magnetic fields to be amplified
to values close to equipartition within fractions of a second. The estimates of
the various investigated magnetic mechanisms all yield very large luminosities
that do not require any beaming. If the current picture turns out to be correct,
short GRBs should be composed of two distinct components: the one resulting
from neutrino annihilation plus wind collimation is narrowly beamed and the
other, much more energetic, and possibly uncollimated component results
from the plethora of magnetic mechanisms.
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Summary. Measuring distances back to a significant portion of the look back
time probes the make-up of the Universe, through the effects of different types of
matter on the cosmological geometry and expansion. Over the past five years two
teams have used type Ia supernovae to trace the expansion of the Universe to a
look back time more than 70% of the age of the Universe. These observations show
an accelerating Universe which is best explained by a cosmological constant, or
other form of dark energy with an equation of state near w = p/ρ = −1. There
are many possible lurking systematic effects. However, while difficult to completely
eliminate, none of these appears large enough to challenge current results. However,
as future experiments attempt to better characterize the equation of state of the
matter leading to the observed acceleration, these systematic effects will ultimately
limit progress.

1 The Cosmological Paradigm

Astronomers use a standard model for understanding the Universe and its
evolution. The assumptions of this standard model, that General Relativity
is correct, and the Universe is isotropic and homogenous on large scales, are
not proven beyond a reasonable doubt - but they are well tested, and they do
form the basis of our current understanding of the Universe. If these pillars
of our standard model are wrong, then any inferences using this model about
the Universe around us may be severely flawed, or irrelevant.

The standard model for describing the global evolution of the Universe
is based on two equations that make some simple, and hopefully valid, as-
sumptions. If the universe is isotropic and homogenous on large scales, the
Robertson-Walker Metric gives the line element distance between two objects
separated in space and time. The dynamic evolution of the Universe needs to
be input into the Robertson-Walker Metric by the specification of the scale
factor a(t), which gives the radius of curvature of the Universe over time -
or more simply, provides the relative size of a piece of space at any time.
This description of the dynamics of the Universe is derived from General
Relativity, and is known as the Friedman equation.

In cosmology, there are many types of distance, with the luminosity dis-
tance, DL, being the most relevant to supernova observers. DL is defined as
the apparent brightness of an object as a function of its redshift, z. If we
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assume the Universe is composed of a set of matter components, each having
a fraction Ωi of the critical density

Ωi =
ρi

ρcrit
=

ρi

3H2
0

8πG

, (1)

with an equation of state which relates the density ρi and pressure pi as
wi = pi/ρi, then DL is given by the numerically integrable equation,

DL = DA(1 + z)2 =
c

H0
(1 + z)κ−1/2

0 S{κ1/2
0

∫ z

0

dz′[
∑

i

Ωi(1 + z′)3+3wi −

κ0(1 + z′)2]−1/2}.(2)

Here we define S(x) = sin(x), x, or sinh(x) for closed, flat, and open mod-
els respectively, and the curvature parameter κ0, is defined as κ0 =

∑
i Ωi−1.

At low z, DL scales linearly with redshift, with H0 serving as the constant
of proportionality. In the more distant Universe, DL depends first order on
whether on the rate of acceleration/deceleration (often referred to as q0), or
equivalently, the amount and types of matter that it is made up of. However,
by observing objects over a range of high redshift (e.g. 0.3 > z > 1.0), this
degeneracy can be broken, providing a measurement of the absolute fractions
of ΩM and ΩΛ [15].

To illustrate the effect of cosmological parameters on the luminosity dis-
tance, in Fig. 1 we plot a series of models for both Λ and non-Λ Universes.
In the Left Panel, Top, the various models show the same linear behavior at
z < 0.1 with models with the same H0 indistinguishable to a few percent. By
z = 0.5, the models with significant Λ are clearly separated, with distances
that are significantly further than the zero-Λ universes. Unfortunately, two
perfectly reasonable universes, given our knowledge of the local matter den-
sity of the Universe (ΩM ∼ 0.25), one with a large cosmological constant,
ΩΛ=0.7, ΩM = 0.3, and one with no cosmological constant, ΩM = 0.2, show
differences of less than 10%, even to redshifts of z > 5. Interestingly, the
maximum difference between the two models is at z ∼ 0.8, not at large z.

Figure 1 illustrates the effect of changing the equation of state of the non
w = 0 matter component, assuming a flat universe Ωtot = 1. If we are to
discriminate a dark energy component that is not a cosmological constant,
measurements better than 5% are clearly required, especially since the dif-
ferences in this diagram include the assumption of flatness, and also fix the
value of ΩM .

2 Type Ia Supernovae as Distance Indicators

SN Ia have been used as extragalactic distance indicators since Kowal first
published his Hubble diagram (σ = 0.6 mag) for SNe I in 1968 [28]. We
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Fig. 1. Left Panel, Top: DL expressed as distance modulus (m−M) for four relevant
cosmological models; ΩM = 0, ΩΛ = 0 (empty Universe); ΩM = 0.3, ΩΛ = 0;
ΩM = 0.3, ΩΛ = 0.7; and ΩM = 1.0, ΩΛ = 0. In the Left Panel, Bottom, the empty
universe has been subtracted from the other models to highlight the differences.
Right Panel: DL for a variety of cosmological models containing ΩM = 0.3 and
Ωx = 0.7 with equation of state wx. The wx = −1 model has been subtracted off
to highlight the differences of the various models.

now recognize that the old SNe I spectroscopic class is comprised of two
distinct physical entities: SN Ib/c which are massive stars that undergo core
collapse (or in some rare cases might undergo a thermonuclear detonation in
their cores) after losing their hydrogen atmospheres, and the SN Ia which are
most likely thermonuclear explosions of white dwarfs. In the mid-1980s, it was
recognized that studies of the Type I supernova sample had been confused by
these similar-appearing supernovae, which were henceforth classified as Type
Ib [35, 57, 61] and Type Ic [23]). By the late 1980s/early 1990s, a strong
case was being made that the vast majority of the true Type Ia supernovae
had strikingly similar lightcurve shapes [5, 29, 30, 31], spectral time series
[3, 8, 16, 38], and absolute magnitudes [30, 33]. There were a small minority of
clearly peculiar Type Ia supernovae, e.g. SN 1986G [43], SN 1991bg [9, 32],
and SN 1991T [9, 44], but these could be identified and “weeded out” by
unusual spectral features.

Realizing the subject was generating a large amount of rhetoric despite
not having a sizeable well-observed data set, a group of Astronomers based
in Chile started the Calan/Tololo Supernova Search in 1990 [17]. This work
took the field a dramatic step forward by obtaining a crucial set of high-
quality supernova lightcurves and spectra. By targeting a magnitude range
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that would discover Type Ia supernovae in the redshift range between 0.01
and 0.1, the Calan/Tololo search was able to compare the peak magnitudes
of supernovae whose relative distance could be deduced from their Hubble
velocities.

The Calan/Tololo Supernova Search observed some 25 fields (out of a to-
tal sample of 45 fields) twice a month for over 31

2 years with photographic
plates or film at the CTIO Curtis Schmidt telescope, and then organized
extensive follow-up photometry campaigns primarily on the CTIO 0.9m tele-
scope, and spectroscopic observation on either the CTIO 4m or 1.5m. The
search was a major success; it created a sample of 30 new Type Ia super-
nova lightcurves, most out in the Hubble flow, with an almost unprecedented
control of measurement uncertainties [18].

In 1993 Phillips, in anticipation of the results he could see coming in as
part of the Calan/Tololo search (he was a member of this team), looked for a
relationship between the rate at which the Type Ia supernova’s luminosity de-
clines and its absolute magnitude. He found a tight correlation between these
parameters using a sample of nearby objects, where he plotted the absolute
magnitude of the existing set of nearby SN Ia which had dense photoelectric
or CCD coverage, versus the parameter ∆m15(B), the amount the SN de-
creased in brightness in the B band over the 15 days following maximum light
[45]. For this work, Phillips used a heterogenous mixture of other distance
indicators to provide relative distances, and while the general results were
accepted by most, skepticism about the scatter and shape of the correlation
remained. The Calan/Tololo search presented their first results in 1995 when
Hamuy et al. showed a Hubble diagram of 13 objects at cz > 5000 km/s
that displayed the generic features of the Phillips (1993) relationship [18]. It
also demonstrated that the intrinsic dispersion of SN Ia using the ∆m15(B)
method was better than 0.15 mag.

The community more or less settled on the notion that including the effect
of light curve shape was important for measuring distances with SN Ia when
in 1996 Hamuy et al. showed the scatter in the Hubble diagram dropped from
σ ∼ 0.38 mag in B to σ ∼ 0.17 mag for their sample of nearly 30 SN Ia at
cz > 3000 km/s using the ∆m15(B) correlation [20] .

Impressed by the success of the ∆m15(B) parameter, Riess, Press and
Kirshner developed the multi-color light curve shape method (MLCS), which
parameterizes the shape of SN lightcurves as a function of their absolute
magnitude at maximum [47]. This method also included a sophisticated error
model, and fitted observations in all colors simultaneously, allowing a color
excess to be included. This color excess, which we attribute to intervening
dust, enables the extinction to be measured.

Another method that has been used widely in cosmological measure-
ments with SN Ia is the “stretch” method, described by Perlmutter et al.
[40, 42]. This method is based on the observation that the entire range of
SN Ia lightcurves, at least in the B and V bands, can be represented with a
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simple time-stretching (or shrinking) of a canonical light curve. The coupled
stretched B and V light curves serve as a parameterized set of light curve
shapes, providing many of the benefits of the MLCS method, but as a much
simpler (and constrained) set. This method, as well as recent implementa-
tions of ∆m15(B) [13, 46], and template fitting [56] also allow extinction to be
directly incorporated into the SN Ia distance measurement. Other methods
that correct for intrinsic luminosity differences or limit the input sample by
various criteria have also been proposed to increase the precision of SNe Ia
as distance indicators [2, 10, 55, 58], while these latter techniques are not
as developed as the ∆m15(B), MLCS, and stretch methods, they all provide
distances that are comparable in precision, roughly σ = 0.18 mag about the
inverse square law, equating to a fundamental precision of SN Ia distance
being 6% (0.12 mag), once photometric uncertainties and peculiar velocities
are removed.

3 The Measurement of Acceleration by SN Ia

The intrinsic brightness of SN Ia allow them to be discovered to z > 1.5.
Fig. 1 shows that the differences in luminosity distances due to different cos-
mological models at this redshift are roughly 0.2 mag. For SN Ia, with a
dispersion 0.2 mag, 10 well observed objects should provide a 3σ separation
between the various cosmological models. It should be noted that the uncer-
tainty described above in measuring H0, is not important in measuring other
cosmological parameters, because it is only the relative brightness of objects
near and far that is being exploited in Eq. 2 - the value of H0 scales out.

The first distant SN search was started by a Danish team. With significant
effort and large amounts of telescope time spread over more than two years,
they discovered a single SN Ia in a z = 0.3 cluster of galaxies (and one SN
II at z = 0.2) [22, 34]. The SN Ia was discovered well after maximum light,
and was only marginally useful for cosmology itself.

Just before this first discovery in 1988, a search for high-redshift Type
Ia supernovae was begun at the Lawrence Berkeley National Laboratory
(LBNL) and the Center for Particle Astrophysics, at Berkeley. This search,
now known as the Supernova Cosmological Project (SCP), targeted SN at
z > 0.3. In 1994, the SCP brought on the high-Z SN Ia era, developing the
techniques which enabled them to discover 7 SN at z > 0.3 in just a few
months.

The High-Z SN Search (HZSNS) was conceived at the end of 1994, when
this group of astronomers became convinced that it was both possible to
discover SN Ia in large numbers at z > 0.3 by the efforts of Perlmutter [39],
and also use them as precision distance indicators as demonstrated by the
Calan/Tololo group [18]. Since 1995, the SCP and HZSNS have both been
working feverishly to obtain a significant set of high-redshift SN Ia.
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3.1 Discovering SN Ia

Quantitatively, type Ia supernovae are rare events on an astronomer’s time
scale – they occur in a galaxy like the Milky Way a few times per millennium
[6, 36, 37, 56]. With modern instruments on 4 meter-class telescopes, which
scan 1/3 of a square degree to R = 24 magnitude in less than 10 minutes, it
is possible to search a million galaxies to z < 0.5 for SN Ia in a single night.

Since SN Ia take approximately 20 days to rise from nothingness to max-
imum light [49], the three-week separation between “before and after” ob-
servations (which equates to 14 rest frame days at z = 0.5) is a good filter
to catch the supernovae on the rise. The supernovae are not always easily
identified as new stars on galaxies - most of the time they are buried in their
hosts, and we must use a relatively sophisticated process to identify them.
In this process, the imaging data that we take in a night, is aligned with the
previous epoch, with the image star profiles matched (through convolution)
and scaled between the two epochs to make the two images as identical as
possible. The difference between these two images is then searched for new
objects which stand out against the static sources that have been largely
removed in the differencing process [40, 52]. The dramatic increase in com-
puting power in the 1980s was thus an important element in the development
of this search technique, as was the construction of wide-field cameras with
ever-larger CCD detectors or mosaics of such detectors.

3.2 Obstacles to Measuring Luminosity Distances at High-Z

As shown above, the distances measured to SN Ia are well characterized at
z < 0.1, but comparing these objects to their more distant counterparts
requires great care. Selection effects can introduce systematic errors as a
function of redshift, as can uncertain K-corrections, and an evolution of the
SN Ia progenitor population as a function of look-back time. These effects, if
they are large and not constrained or corrected with measurements, will limit
our ability to accurately measure relative luminosity distances, and have the
potential to undermine the potency of high-z SN Ia at measuring cosmology
[27, 40, 42, 48, 52, 56].

K-Corrections

As SN are observed at larger and larger redshifts, their light is shifted to
longer wavelengths. Since astronomical observations are normally made in
fixed bandpasses on Earth, corrections need to be made to account for the
differences caused by the spectrum of a SN Ia shifting within these band-
passes. K-correction errors depend critically on several separate uncertain-
ties, including, the accuracy of spectrophotometry of SN; the accuracy of the
absolute calibration of the fundamental astronomical standard systems; and
using spectrophotometry for appropriate objects to calculate the corrections.
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Extinction

In the nearby Universe we see SN Ia in a variety of environments, and about
10% have significant extinction [21]. Since we can correct for extinction by
observing two or more wavelengths, it is possible to remove any first order
effects caused by the average extinction properties of SN Ia changing as a
function of z. However, second order effects, such as the evolution of the
average properties of intervening dust could still introduce systematic errors.
This problem can also be addressed by observing distant SN Ia over a decade
or so of wavelength, in order to measure the extinction law to individual
objects, but this is observationally expensive. An additional problem is the
existence of a thin veil of dust around the Milky Way. Measurements from
the COBE satellite have measured the relative amount of dust around the
Galaxy accurately [51], but there is an uncertainty in the absolute amount of
extinction of about 2% or 3% [4]. This uncertainty is not normally a problem;
it affects everything in the sky more or less equally. However, as we observe
SN at higher and higher redshifts, the light from the objects is shifted to the
red, and is less affected by the galactic dust.

Selection Effects

As we discover SN, we are subject to a variety of selection effects, both in our
nearby and distant searches. The most significant effect is Malmquist Bias - a
selection effect which leads magnitude limited searches finding brighter than
average objects near their distance limit; brighter objects can be seen in a
larger volume relative to their fainter counterparts. Malmquist bias errors are
proportional to the square of the intrinsic dispersion of the distance method,
and because SN Ia are such accurate distance indicators, these errors are
quite small - approximately 0.04 mag. Monte Carlo simulations can be used
to estimate these effects, and to remove them from our data sets [42, 52].

Gravitational Lensing

Several authors have pointed out that the radiation from any object, as it
traverses the large scale structure between where it was emitted, and where
it is detected, will be weakly lensed as it encounters fluctuations in the grav-
itational potential [24, 26, 60]. Generally, most light paths go through under-
dense regions, and objects appear de-magnified. Occasionally the photons
from a distant object encounter dense regions, and these lines of sight be-
come magnified. The distribution of observed fluxes for sources is skewed by
this process, such that the vast majority of objects appear slightly fainter
than the canonical luminosity distance, with the few highly magnified events
making the mean of all paths unbiased. Unfortunately, since we do not ob-
serve enough objects to capture the entire distribution, unless we know and
include the skewed shape of the lensing, a bias will occur. At z = 0.5, this
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Fig. 2. Data as summarized in Tonry 2003 with points shown in a residual Hubble
diagram with respect to an empty universe. In this plot the highlighted points
correspond to median values in six redshift bins. From top to bottom the curves
show ΩM , ΩΛ = 0.3, 0.7, ΩM , ΩΛ = 0.3, 0.0, and ΩM , ΩΛ = 1.0, 0.0.

lensing is not a significant problem, however, the effect scales roughly as z2,
and by z = 1.5, the effect can be as large as 25% [25]. While corrections
can be derived by measuring the distortion on background galaxies in the
line-of-site region around each SN, at z > 1, this problem may be one which
ultimately limits the accuracy of luminosity distance measurements, unless
a large enough set of SN at each redshift can be used to characterize the
lensing distribution and average out the effect.

Evolution

SN Ia are seen to evolve in the nearby Universe. Hamuy et al. plotted the
shape of the SN light curves against the type of host galaxy [19]. Early
hosts (ones without recent star formation), consistently show light curves
which rise and fade more quickly than those objects which occur in late-type
hosts (objects with on-going star formation). However, once corrected for
light curve shape, the corrected luminosity shows no bias as a function of
host type. This empirical investigation provides confidence in using SN Ia
over a variety of stellar population ages. It is possible, of course, to devise
scenarios where some of the more distant supernovae do not have nearby
analogues; therefore, at increasingly higher redshifts it can become important
to obtain sufficiently detailed spectroscopic and photometric observations of
each distant supernova to recognize and reject such examples that have no
nearby analogues.

In principle, it could be possible to use the differences in the spectra and
light curves between nearby and distant samples to correct any differences
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Fig. 3. Left Panel: The joint confidence contours for ΩM , ΩΛ using the Tonry
et al. compilation of objects. Center Panel: Contours of ΩM versus wx from current
observational data, where ΩM +Ωx = 1 has been used as a prior overlaid by contours
including the current value of ΩM from the 2dF redshift survey as an additional
prior. Right Panel: Contours of ΩM versus ΩΛ from three current observational
experiments; High-Z SN Ia [56], WMAP [53], and the 2dF redshift survey [59].

in absolute magnitude. Unfortunately theoretical investigations are not yet
advanced enough to precisely quantify the effect of these differences on the ab-
solute magnitude. A different empirical approach to handle SN evolution is to
divide the supernovae into subsamples of very closely matched events, based
on the details of the object’s light curve, spectral time series, host galaxy
properties, etc. A separate Hubble diagram can then be constructed for each
subsample of supernovae, and each will yield an independent measurement of
the cosmological parameters [1]. The agreement (or disagreement) between
the results from the separate subsamples is an indicator of the total effect
of evolution. A simple, first attempt at this kind of test has been performed
comparing the results for supernovae found in elliptical host galaxies to su-
pernovae found in late spirals or irregular hosts; the cosmological results from
these subsamples were found to agree well [54].

Finally, it is possible to move to higher redshift and see if the SN deviate
from the predictions of Eq. 2. At a gross level, we expect an accelerating
Universe to be decelerating in the past because the matter density of the
Universe increases with redshift, whereas the density of any dark energy
leading to acceleration will increase at a slower rate than this (or not at
all in the case of a Cosmological Constant). If the observed acceleration is
caused by some sort of systematic effect, it is likely to continue to increase (or
at least remain steady) with look-back time, rather than disappear like the
effects of dark energy. A first comparison has been made with SN 1997ff [14]
at z ∼ 1.7, and it seems consistent with a decelerating Universe at this epoch
[50]. More objects are necessary for a definitive answer, and these should be
provided by a large program using the Hubble Space Telescope in 2002-3 by
Riess and collaborators.
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3.3 High Redshift SN Ia Observations

The SCP in 1997 announced their first results with 7 objects at a redshift
around z = 0.4 [40]. These objects hinted to a decelerating Universe with
a measurement of ΩM = 0.88+0.69

−0.60, but were not definitive. Soon after, a
z ∼ 0.8 object observed with HST [41], and the first five objects of the
HZSNS [11, 52] ruled out a ΩM = 1 universe with greater than 95% sig-
nificance. These results were again superceded dramatically when both the
HZSNS [48] and the SCP [42] announced results that showed not only were
the SN observations incompatible with a ΩM = 1 universe, they were also
incompatible with a Universe containing only normal matter. Both samples
show that SN are, on average, fainter than what would be expected for even
an empty Universe, indicating that the Universe is accelerating. The agree-
ment between the two teams experimental results is spectacular, especially
considering the two programs have worked in near complete isolation.

The easiest solution to explain the observed acceleration is to include an
additional component of matter with an equation-of-state parameter more
negative than w < −1/3; the most familiar being the Cosmological constant
(w = −1). If we assume the universe is composed only of normal matter
and a cosmological constant, then with greater than 99.9% confidence, the
Universe has a cosmological constant.

Since 1998, many new objects have been added and these can be used to
further test past conclusions. Tonry et al. has compiled current data (Fig. 2),
and used only the new data to re-measure ΩM , ΩΛ, and find, more con-
strained, but perfectly compatible set of values with the SCP and High-Z
1998/99 results [56]. A similar study has been done with a set of objects
observed using the Hubble Space Telescope by Knop et al. which also find
concordance between the old data and new observations [27]. The 1998 re-
sults were not a statistical fluke, these independent sets of SN Ia still show
acceleration. Tonry et al. has compiled all useful data from all sources (both
teams) and provides the tightest constraints of SN Ia data so far [56]. These
are shown in Fig. 3.

Of course, we do not know the form of dark energy which is leading to the
acceleration, and it is worthwhile investigating what other forms of energy
are possible second components [12, 42]. Fig. 3 shows the joint confidence
contours for ΩM and wx (the equation of state of the unknown component
causing the acceleration) using the current compiled data set [56]. Because
this introduces an extra parameter, we apply the additional constraint that
ΩM + Ωx = 1, as indicated by the Cosmic Microwave Background Exper-
iments [7, 53]. The cosmological constant is preferred, but anything with a
w < −0.73 is acceptable.

Additionally, we can add information about the value of ΩM , as supplied
by recent 2dF redshift survey results [59], as shown in the 2nd panel, where
the constraint strengthens to w < −0.73 at 95% confidence. As a further
test, if we assume a flat Λ universe, and derive ΩM , independent of other
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methods, the SN Ia data give ΩM = 0.28 ± 0.05, in perfect accord with the
2dF results. These results are essentially identical, both in value and in size
of uncertainty, to those obtained from the recent WMAP experiment [53]
when they combine their experiment with the 2dF results. Taken in whole,
we have three cosmological experiments — SN Ia, Large Scale Structure,
and the Cosmic Microwave Background, each probing parameter space in a
slightly different way, and each agreeing with each other. Fig. 3 shows that in
order for the accelerating Universe to go away, two of these three experiments
must both have severe systematic errors, and have these errors conspire in a
way to overlap with each other to give a coherent story.

4 The Future

How far can we push the SN measurements? Finding more and more SN
allows us to beat down statistical errors to arbitrarily small amounts, but
ultimately systematic effects will limit the precision by which SN Ia distances
can be applied to measure distances. A careful inspection of Fig. 3 show
the best fitting SN Ia cosmology, does not lie on the Ωtot = 1 line, but
rather at higher ΩM , and ΩΛ. This is because, at a statistical significance
of 1.5σ, the SN data show the onset and departure of deceleration (centered
around z = 0.5) occurs faster than the flat model allows. The total size of the
effect is roughly 0.04 mag, which is within the current allowable systematic
uncertainties that this data set allows. So while this may be a real effect, it
could equally plausibly be a systematic error, or just a statistical fluke.

Our best estimate is that it is possible to control systematic effects from a
ground based experiment to a level of 0.03 mag. A carefully controlled ground
based experiment of 200 SN will reach this statistical uncertainty in z = 0.1
redshift bins, and is achievable in a five year time frame. The Essence project
and CFHT Legacy survey are such experiments, and should provide answers
over the coming years.

The Supernova/Acceleration Probe (SNAP) collaboration has proposed
to launch a dedicated Cosmology satellite - the ultimate SN Ia experiment.
This device, will, if funded, scan many square degrees of sky, discovering a
thousand SN Ia in a year, and obtain spectra and lightcurves of objects out
to z = 1.8. Besides the large numbers of objects and their extended redshift
range, space also provides the opportunity to control many systematic effects
better than from the ground.

With rapidly improving CMB data from interferometers, the satellites
MAP and Planck, and balloon based instrumentation planned for the next
several years, CMB measurements promise dramatic improvements in preci-
sion on many of the cosmological parameters. However, the CMB measure-
ments are relatively insensitive to the dark energy and the epoch of cos-
mic acceleration. SN Ia are currently the only way to directly study this
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acceleration epoch with sufficient precision (and control on systematic uncer-
tainties) that we can investigate the properties of the dark energy, and any
time-dependence in these properties. This ambitious goal will require comple-
mentary and cross-checking measurements of, for example, ΩM from CMB,
weak lensing, and large scale structure. The supernova measurements will
also provide a test of the cosmological results independent from these other
techniques (since CMB and weak lensing measurements are, of course, not
themselves immune to systematic effects). By moving forward simultaneously
on these experimental fronts, we have the plausible and exciting possibility
of achieving a comprehensive measurement of the fundamental properties of
our Universe.
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Summary. Observations of Type Ia supernovae (SNe Ia) reveal correlations be-
tween their luminosities and light-curve shapes, and between their spectral sequence
and photometric sequence. Assuming SNe Ia do not evolve at different redshifts,
the Hubble diagram of SNe Ia may indicate an accelerating Universe, the signa-
ture of a cosmological constant or other forms of dark energy. Several studies raise
concerns about the evolution of SNe Ia (e.g., the peculiarity rate, the rise time,
and the color of SNe Ia at different redshifts), but all these studies suffer from the
difficulties of obtaining high-quality spectroscopy and photometry for SNe Ia at
high redshifts. There are also some troubling cases of SNe Ia that provide coun-
terexamples to the observed correlations, suggesting that a secondary parameter
is necessary to describe the whole SN Ia family. Understanding SNe Ia both ob-
servationally and theoretically will be the key to boosting confidence in the SN Ia
cosmological results.

1 Observations of SNe Ia and the Accelerating Universe

Spectroscopic observations of nearby Type Ia supernovae (SNe Ia) reveal that
they can be divided into several subclasses: the majority are the so-called
“normal” or “Branch normal” SNe Ia [6], while the others are “peculiar”
SNe Ia which can be further divided into SN 1991T-like or SN 1991bg-like
objects (see [11] and references therein). Li et al. [27] discuss SN 1999aa-like
objects as another potential subclass of the peculiar SNe Ia. The classification
is based on the spectra of SNe Ia before or near maximum light: normal
SNe Ia show conspicuous features of Si II, Ca II, and other intermediate-
mass elements (IMEs; e.g., S II, O I); SN 1991T-like objects show unusually
weak IME lines, yet prominent high-excitation features of Fe III; SN 1991bg-
like objects have strong IME features, plus a broad Ti II absorption trough
around 4100 Å and enhanced Si II/Ti II λ5800 absorptions. SN 1999aa-like
objects are similar to the SN 1991T-like ones, but with significant Ca II H &
K absorption lines.

Photometric observations of nearby SNe Ia also reveal a correlation be-
tween the peak luminosity and light-curve shape (LLCS correlation, here-
after). This was first convincingly demonstrated by Phillips (1993), and sub-
sequently exploited by [16, 34, 37, 38]. The slower, broader light curves are
intrinsically brighter at peak than the faster, narrower light curves. Various
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parameters have been proposed to quantify the “speed” of the light curve,
such as ∆m15(B) (the decline in magnitudes between peak brightness and
15 days later in the B band), ∆ (the difference in magnitudes between the
peak brightness of a SN Ia and a nominal standard SN Ia), s (“stretch fac-
tor,” the amount of stretch applied to the light curve (generally B band) of
a SN Ia to match those of a nominal standard SN Ia), and various empirical
methods have been developed to calibrate the peak absolute magnitudes of
SNe Ia [16, 23, 34, 36, 38, 51]. The multi-color light-curve shape (MLCS)
method, for example, has demonstrated the ability to achieve a scatter in the
calibrated absolute magnitudes of SNe Ia to ∼0.15 mag [38].

By assuming that the observed correlation for nearby SNe Ia also applies
to the objects at high redshift, utilizing the empirical calibration methods
developed from nearby SNe Ia, and studying the Hubble diagram for SNe Ia
at both low and high redshifts, the High-z SN Search Team [45] and the SN
Cosmology Project [34] have measured that high-redshift SNe Ia are fainter
than expected, and interpreted this result as evidence that the expansion of
the Universe is accelerating, due perhaps to a non-zero cosmological constant
or some other forms of dark energy (e.g., [24, 35, 39, 47].

2 Challenges of the Accelerating Universe

The observational fact is that the SNe Ia at z ≈ 0.5 are ∼0.28 mag dimmer
(∼14% farther) than expected in a Universe with ΩM = 0.3 and no cosmolog-
ical constant. Besides the interpretation of a positive cosmological constant,
other possible alternatives have been proposed as follows.

1. Luminosity evolution. Two important questions are (a) whether the high-
redshift SNe Ia follow the same LLCS correlation for the nearby objects,
and (b) whether the SNe Ia at z ≈ 0.5 are intrinsically fainter than nearby
SNe Ia by 0.28 mag after correction for the LLCS correlation.

2. Interstellar dust, which produces more extinction of the high-redshift
SNe Ia and makes them look apparently fainter.

3. Selection bias: preferentially fainter SNe Ia are observed at high redshift.
4. Gravitational lensing: the inhomogeneous distribution of matter in the

Universe deamplifies the observed brightness of most high-redshift SNe Ia.

Among these, ordinary dust is not considered a viable option, as it intro-
duces too much reddening in the colors of SNe Ia at high redshift [41, 42]
and more dispersion in the distance measurements than is currently observed.
“Grey” dust [1, 2], which leaves little or no imprint on the spectral energy
distribution of a SN Ia, could be more pernicious, but the amount of grey dust
required to explain the faintness of high-redshift SNe Ia would also distort
the cosmic microwave background, an effect which has not been seen. More-
over, it still introduces more distance dispersion than is currently observed.
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Tonry et al. [47] also provided evidence that a systematic effect which goes as
a power law of (1 + z), such as extinction by dust, is not likely to match the
SN Ia data. No known selection bias favors detection of intrinsically fainter
SNe Ia at high redshift. Malmquist bias may afflict the nearby SN Ia sample
so preferentially brighter objects were observed, but the effect is shown to be
small [35, 39]. Moreover, the high-redshift SN Ia sample should be subject to
the same bias to a greater extent, since most high-redshift SN searches are
magnitude-limited. Gravitational lensing deamplification [4, 32], typically ∼
2% at z = 0.5, is much smaller than the cosmological effect.

Luminosity evolution is arguably the most serious challenge to the cosmo-
logical interpretation of high-redshift SNe Ia. The cause of this is somewhat
embarrassing: despite being the most luminous type of SN, SNe Ia have not
been completely understood theoretically (see [25] for a review), or have
the progenitor system conclusively identified (see [30] for a review). Conse-
quently, theory cannot provide conclusive guidance on whether or how SNe Ia
and their progenitor systems evolve at different redshifts. Nevertheless, theo-
rists have provided some insights into this question by studying the effects of
metallicity and the C/O ratio of a white dwarf (WD), the agreed precursor to
a SN Ia (e.g., [22, 33, 48, 49]). Höflich, Wheeler, & Thielemann [22] suggested
that the effect of changing metallicity on the rest-frame visual and blue light
curves is small, and as the C/O ratio of a WD becomes progressively lower
at higher redshift, the luminosity of the resulting SN Ia becomes brighter
for the same light-curve shape, an effect that is contrary to the cosmolog-
ical result from SNe Ia. Umeda et al. [48] and Nomoto et al. [33] use the
variation in the C/O ratio in the WD to explain the distribution of SN Ia
brightness, but suggest that the diversity can be normalized by applying the
LLCS correlation.

Answers to the question of whether SNe Ia evolve have also been sought
from observations of them at different redshifts. The nearby sample is an
excellent laboratory for studying possible luminosity evolution, since SNe Ia
have been observed in a wide range of host-galaxy morphologies including
ellipticals, spirals, irregulars, and dwarf galaxies. In fact, the range of metal-
licity, stellar age, and interstellar environments probed by the nearby SN Ia
sample is much greater than the mean evolution in these properties for indi-
vidual galaxies between z = 0 and z = 0.5. Some variation of the observed
characteristics of SNe Ia has been noticed; for example, luminous events occur
preferentially in metal-poor environments [19], and the luminosity of SNe Ia
correlates with the projected distance from the host nucleus [50]. However,
after correction for the LLCS correlation and extinction, the observed residu-
als from the Hubble flow do not correlate with host-galaxy morphology or the
projected radial distances [41, 42, 46]. This suggests that the LLCS correla-
tion applies to a wide range of stellar environments and is a strong argument
against significant evolution to z = 0.5 [45].
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The empirical test of luminosity evolution at high redshift has been fo-
cused on getting high-quality spectra and light curves, and comparing them
with those of nearby SNe Ia. The assumption of this test is that significant
luminosity evolution would be accompanied by other visibly altered observ-
ables of the SNe. Comparison of high-quality spectra between nearby and
high-redshift SN Ia have revealed remarkable similarity [8, 35, 39, 47]. Riess
et al. [41, 42] also obtained the rest-frame I-band light curve of the high-
redshift SN Ia 1999Q, which displayed the secondary maximum that is typical
of normal nearby SNe Ia.

To date, there is no clear, direct evidence that suggests significant lumi-
nosity evolution for SNe Ia at different redshift. To rest the case of luminosity
evolution, however, we need to fully understand the models of SNe Ia and
how they evolve at different redshifts. Without a firm theoretical footing, we
must conservatively demand that all observables of high-redshift SNe Ia be
statistically consistent with their nearby counterparts.

In the following sections, we discuss in more detail some of the recent
comparisons done on the observables and characteristics of SNe Ia at different
redshifts, which mag suggest possible differences between high-redshift SNe Ia
and their nearby counterparts.

2.1 Peculiarity Rate at Different Redshifts

The rate of “peculiar SNe Ia” in the nearby sample has been recently mea-
sured by [27]. They used a distance-limited sample of SNe Ia from the Lick
Observatory Supernova Search (LOSS; [12]) and performed Monte Carlo sim-
ulations [26] demonstrating that essentially all SNe Ia should have been dis-
covered in the sample galaxies of LOSS. Within this unbiased sample they
found a rate of ∼20% for the SN 1991T/1999aa-like objects and ∼16% for
the SN 1991bg-like objects, for a total peculiarity rate of ∼36%.

However, in the now more than 100 spectroscopically classified SNe Ia
at high redshift, there has not been a single unambiguously peculiar SN Ia
reported. While the lack of SN 1991bg-like objects could be explained by
their intrinsic faintness and low expected rate in magnitude-limited searches,
the lack of SN 1991T/1999aa-like objects is puzzling.

Li et al. [27] offered several possible explanations for the difference be-
tween the peculiarity rate of SNe Ia at different redshifts: extinction toward
the SN 1991T/1999aa-like objects, difficulty in identifying peculiarities in
poor-quality spectra of the high-redshift SNe Ia, and most importantly, the
“age bias”: the peculiarity of SN 1991T/1999aa-like objects can only be eas-
ily identified in early-time spectra. This same bias may also explain why the
Calán/Tololo survey, a nearby magnitude-limited SN search, yielded no SN
1991T/1999aa-like objects among 29 SNe Ia [17].

If, however, these observational biases are not to blame, the absence of
peculiar SNe Ia at high redshift could result from an evolution of the pop-
ulation of progenitor systems: certain progenitor channels at high redshift
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may be lost due to a redshift-dependent variation in the mass, composition,
and metallicity of SN Ia progenitors (e.g., [30, 44]). It is thus an important
challenge to observationally identify some peculiar SNe Ia at high redshifts,
to definitively rule out luminosity evolution as the cause of the difference in
the peculiarity rate of SNe Ia at different redshifts.

2.2 Rise Time at Different Redshifts

The rise time is defined as the time interval between the explosion and the
maximum brightness of a SN Ia. Precise knowledge of the SN Ia rise time,
which is sensitive to the ejecta opacity and the distribution of 56Ni, provides
constraints on models of SN Ia progenitors. A comparison of the rise time
for high-redshift and nearby SNe Ia is thus a valuable test of luminosity
evolution.

The rise time for the nearby SNe Ia was measured by [40]. They collected
about 25 measurements of SNe Ia between 10 and 18 days before B maximum,
normalized them to a fiducial rise time curve, and measured a rise time
of 19.98 ± 0.15 days. A preliminary rise time for the high-redshift SNe Ia
was measured by [15] from the Supernova Cosmological Project (SCP) data
as 17.50 ± 0.40 days, which is discrepant from the nearby rise time at a
statistical likelihood greater than 99.99% (5.8σ). Aldering, Knop, & Nugent
[3], however, refined the rise time for the high-redshift SNe Ia in the SCP
data to 17.50 ± 1.20 days, a ∼ 2σ difference from the nearby measurement.
They also suggested that under extreme situations the rise time could be
biased up to 2–3 days due to observational biases and fitting methods.

It remains to be seen whether the rise times of high-redshift and nearby
SNe Ia are statistically inconsistent when a better rise time measurement
is derived for the high-redshift SNe Ia. It should also be noted that even if
the two rise times are inconsistent with each other, it is unclear whether the
difference in rise time could be translated into a difference in peak luminosity:
most current theoretical models have difficulties in reproducing the observed
rise times and the correlation between rise time and peak luminosity.

2.3 Intrinsic Color at Different Redshifts

To date, there is no consensus on the precise intrinsic colors of SNe Ia with
different photometric behaviors. As a result, there is not a good theoretical or
empirical method to accurately determine host-galaxy extinction to SNe Ia,
and observers often have to resort to priors such as applying the Galactic
reddening law to the host galaxies of SNe Ia, and assuming all SNe Ia have
the same intrinsic color at maximum. Phillips et al. [37] proposed a method
to estimate the host-galaxy reddening to a SN Ia by using its color at 30–
60 days past maximum, but [28] showed that this method does not apply
to all objects. The extinction correction is a major source of uncertainty in
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the current empirical fitting methods. To circumvent this difficulty, people
often use subsamples that are likely to have low extinction at both low and
high redshifts. Fortunately, [21] showed that most SNe Ia should have low
extinction.

Different methods for treating the extinction correction in the fitting pro-
cess yield different results in the intrinsic color comparison of SNe Ia at a
range of redshifts. Leibundgut [25] and Falco et al. [10] suggested that there
is evidence from the E(B−V ) values in [39] that high-redshift SNe Ia are sta-
tistically bluer than their nearby counterparts, but analysis by [35] showed no
such effect, nor did a recent compilation of 11 high-redshift SNe Ia observed
by the Hubble Space Telescope [24]. The problem of extinction correction will
continue to plague the empirical fitting methods until a better understanding
of the intrinsic colors of SNe Ia is achieved, and the influence of extinction
corrections on the cosmological conclusions needs to be investigated in more
detail. Drell, Loredo, & Wasserman [9], for example, attributed the difference
in colors to luminosity evolution, while [24] suggested that reasonable changes
in colors do not have a significant impact on the cosmological results.

2.4 Peculiar Nearby SNe Ia

A fundamental assumption of the current empirical fitting methods is that
the light curves of all normal SNe Ia can be represented by a single parameter
such as ∆m15(B), ∆, or s. However, there is growing evidence that not all
SNe Ia form a one-parameter family. Branch [5] showed that normal SNe Ia
could have very different expansion velocities. Hamuy et al. [18] showed that
some light curves with similar decline rates have significant differences in
particular details. Hatano et al. [21] also demonstrated that the spectroscopic
diversity among SNe Ia is multi-dimensional.

The SN 1991T-like and SN 1991bg-like objects, though categorized as
peculiar SNe Ia, generally follow the LLCS correlation and the spectrum–
luminosity sequence – i.e., they seem to be an extension of the one-parameter
description of normal SNe Ia. Some more disturbing cases of peculiar nearby
SNe Ia that fail the one-parameter description are SN 2000cx [7, 26], SN
2002cx [29], SN 2001ay (Nugent et al. in preparation), and SN 2002ic [20].

The peculiarity of SN 2000cx is that its light curves cannot be fit well
by the existing fitting methods. There is an apparent asymmetry in the B-
band peak, in which the premaximum brightening is relatively fast (similar
to that of the normal SN 1994D), but the postmaximum decline is relatively
slow (similar to that of the overluminous SN 1991T). SN 2000cx has very
blue colors and also unique spectral evolution. Its premaximum spectra are
similar to those of SN 1991T-like objects, but the high-excitation Fe III lines
remain prominent until well after maximum. The expansion velocities derived
from the absorption features are unusually high and evolve differently than
normal. Though it has a slow light curve, its estimated luminosity is average
[26] or even slightly subluminous [7].
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SN 2002cx has many properties that are the opposite of those of SN
2000cx. It has a premaximum spectrum similar to that of SN 1991T, a de-
cline rate in the B-band similar to that of normal SNe Ia, but a luminosity
similar to that of the very subluminous SN 1991bg. It has a very red color
evolution, and has extremely low expansion velocities measured from spec-
tral features. The R and I-band light curves have a peculiar plateau phase
around maximum. The late-time decline rate in all BV RI bands is unusually
slow. SN 2003gq [13] may be another event that is similar to SN 2002cx.

SN 2001ay has a normal near-maximum spectrum, except that it has very
high expansion velocities. The light curves of SN 2001ay are the slowest ever
recorded, yet it has a normal luminosity. It also has a peculiar red color
evolution until 30 days after maximum.

SN 2002ic is the only SN Ia to have shown direct evidence of SN ejecta
interacting with the circumstellar medium (CSM). Its near-maximum spec-
trum is similar to that of SN 1991T, but diluted in strength. There are
remarkable Balmer lines in later spectra, with Hα showing an unresolved
component (FWHM < 300 km s−1) superimposed on a broad resolved base
(FWHM ≈ 1800 km s−1), similar to those observed in Type IIn SNe [11]. The
spectral features and photometric behavior of SN 2002ic suggest that it has
a very dense CSM. Based on these observations, [20] ruled out the double-
degenerate model for SN 2002ic, and suggested that the progenitor system
involves a white dwarf and an asymptotic giant branch star. Livio & Riess
[31], however, argued that the opposite may be true: SN 2002ic results from
a rare circumstance in which the SN Ia ejecta interact with the previously
ejected common envelope of a double-degenerate system.

Although the frequency of these peculiar SNe Ia is low, and statistically
they will not challenge the established empirical correlations, we need to
understand why they are peculiar, and how they can be fit into the whole
picture of SN Ia theories and observations. These objects with unusual prop-
erties might represent the general models of SNe Ia under extreme conditions,
and studying them will provide clues to the theoretical models and progen-
itor systems. It is interesting to note that three of the four peculiar SNe Ia
(SNe 2000cx, 2002cx, and 2001ay) all have very unusual expansion velocities,
and three (SNe 2000cx, 2002cx, and 2002ic) show spectral features similar
to those of SN 1991T. The subclass of SN 1991T/1999aa-like objects may
thus be more heterogeneous than other SNe Ia, and objects with unusual ex-
pansion velocities should be treated with caution when used as cosmological
tools.

3 Conclusions

Many alternatives have been proposed to explain the SN Ia data at different
redshifts, but so far none has seriously challenged the accelerating Universe
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result. We have found no clear, direct evidence that SNe Ia at different red-
shifts evolve, though some studies show that there may exist some differences
in their peculiarity rate, rise time, or colors.

The key to boosting confidence in the cosmological results from SNe Ia
is to understand SNe Ia both theoretically and observationally. We need to
theoretically identify the elusive progenitor systems for SNe Ia, and find out
the cause of the diversity of SNe Ia. Similarly, we need to continue to search
for SN/CSM interactions such as that observed in SN 2002ic, and place strin-
gent constraints on the accretion history of SN Ia progenitors. We also need
to re-examine existing observations of SNe IIn, to investigate whether SN
2002ic is an isolated case, or whether some additional SNe IIn are actu-
ally SNe Ia with strong SN/CSM interaction. For nearby SNe Ia, we need
to develop better methods to measure host-galaxy extinction than currently
available, study the environmental effects, find more empirical correlations,
and develop a subclassification scheme that possibly links to different pro-
genitor channels. We should continue to study those SNe Ia that are clearly
discrepant. For high-redshift SNe Ia, we need to identify some peculiar SN
1991T-like or SN 1991bg-like objects, get better rise time measurements,
obtain more high-quality spectra and light curves, and compare them with
those of nearby SNe Ia. The ESSENCE project (e.g., [14]), SNAP satellite
(http://snap.lbl.gov/ ), and the higher-z project [43] are prime examples of
current and future extensive studies of high-redshift SNe Ia.
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Summary. The “standard candle method” for Type II plateau supernovae pro-
duces a Hubble diagram with a dispersion of 0.3 mag, which implies that this tech-
nique can produce distances with a precision of 15%. Using four nearby supernovae
with Cepheid distances I find H0(V )=75±7, and H0(I)=65±12.

1 Introduction

Type II supernovae are exploding stars characterized by strong hydrogen
spectral lines and their proximity to star forming regions, presumably result-
ing from the gravitational collapse of the cores of massive stars (MZAMS>8
M�). These objects display great variations in their spectra and lightcurves
depending on the properties of their progenitors at the time of core collapse
and the density of the medium in which they explode [6]. The plateau subclass
(SNe IIP) constitutes a well-defined family which can be distinguished by 1)
a characteristic “plateau” lightcurve [1], 2) Balmer lines exhibiting broad P-
Cygni profiles, and 3) low radio emission [15]. These SNe are thought to have
red supergiant progenitors that do not experience significant mass loss and
are able to retain most of their H-rich envelopes before explosion.

Although SNe IIP display a wide range in luminosity, rendering their
use as standard candles difficult, Hamuy & Pinto [5] (HP02) used a sample
of 17 SNe II to show that the relative luminosities of these objects can be
standardized from a spectroscopic measurement of the SN ejecta velocity.
Recently, I confirmed the luminosity-velocity relation [7] (H03) from a sample
of 24 SNe IIP. This study showed that the “standard candle method” (SCM)
yields a Hubble diagram with a dispersion of 0.3 mag, which implies that
SNe IIP can be used to derive extragalactic distances with a precision of 15%.
Since the work of H03, Cepheid distances to two SNe IIP have been published,
bringing to four the total number of SNe IIP with Cepheid distances. In
this paper I use these four objects to improve the calibration of the Hubble
diagram, and solve for the value of the Hubble constant.
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Fig. 1. Envelope velocity versus absolute plateau V magnitude for 24 SNe IIP,
both measured in the middle of the plateau (day 50) (filled circles). The expansion
velocities were obtained from the minimum of the Fe II λ5169 lines. The absolute
magnitudes were derived from redshift-based distances and observed magnitudes
corrected for dust extinction. Open circles correspond to explosion models computed
by [9] and [10] for stars with MZAMS ≥ 8 M�.

2 The Luminosity-Velocity Relation

The SCM is based on the luminosity-velocity relation, which permits one to
standardize the relative luminosities of SNe IIP. Figure 1 shows the latest ver-
sion, based on 24 genuine SNe IIP. This plot reveals the well-known fact that
SNe IIP encompass a wide range (∼5 mag) in luminosities. This correlation
reflects the fact that while the explosion energy increases, so do the kinetic
energy and internal energies. Also plotted in this figure with open circles are
the explosion models computed by [9] and [10] for stars with MZAMS ≥ 8
M�, which reveals a reasonable agreement with observations.

3 The Hubble Diagram

In a uniform and isotropic Universe we expect locally a linear relation between
distance and redshift. A perfect standard candle should describe a straight
line in the magnitude-log(z) Hubble diagram, so the observed scatter is a
measure of how standard the candle is. Next I assess the performance of the
SCM based on the Hubble diagram constructed with the magnitudes and
redshifts given in Table 1 for 24 SNe.
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Table 1. Redshifts, Extinction, Magnitudes, and Ejecta Velocities of the 24 Type
II Supernovae

SN vCMB AGAL(V ) Ahost(V ) V50 I50 v50

(km s−1) (km s−1)
±187 ±0.06 ±0.3

1968L 321 0.219 0.00 12.03(08) ... 4020(300)
1969L 784 0.205 0.00 13.35(06) ... 4841(300)
1970G 580 0.028 0.00 12.10(15) ... 5041(300)
1973R 808 0.107 1.40 14.56(05) ... 5092(300)
1986I 1333 0.129 0.20 14.55(20) 14.05(09) 3623(300)
1986L 1466 0.099 0.30 14.57(05) ... 4150(300)
1988A 1332 0.136 0.00 15.00(05) ... 4613(300)
1989L 1332 0.123 0.15 15.47(05) 14.54(05) 3529(300)
1990E 1426 0.082 1.45 15.90(20) 14.56(20) 5324(300)
1990K 1818 0.047 0.20 14.50(20) 13.90(05) 6142(2000)
1991al 4484 0.168 0.00 16.62(05) 16.16(05) 7330(2000)
1991G 1152 0.065 0.00 15.53(07) 15.05(09) 3347(500)
1992H 2305 0.054 0.00 14.99(04) ... 5463(300)
1992af 5438 0.171 0.00 17.06(20) 16.56(20) 5322(2000)
1992am 14009 0.164 0.28 18.44(05) 17.99(05) 7868(300)
1992ba 1192 0.193 0.00 15.43(05) 14.76(05) 3523(300)
1993A 8933 0.572 0.05 19.64(05) 18.89(05) 4290(300)
1993S 9649 0.054 0.70 18.96(05) 18.25(05) 4569(300)
1999br 848 0.078 0.65 17.58(05) 16.71(05) 1545(300)
1999ca 3105 0.361 0.68 16.65(05) 15.77(05) 5353(2000)
1999cr 6376 0.324 0.00 18.33(05) 17.63(05) 4389(300)
1999eg 6494 0.388 0.00 18.65(05) 17.94(05) 4012(300)
1999em 838 0.130 0.18 13.98(05) 13.35(05) 3757(300)
1999gi 706 0.055 0.68 14.91(05) 13.98(05) 3617(300)

The CMB redshifts of the SN host galaxies were derived from the observed
heliocentric redshifts. For the 16 SNe with cz<3000 km s−1 I corrected the
redshifts for the peculiar motion of the SN hosts using the parametric model
for peculiar flows of [14] (see H03 for details). In all cases I assigned an
uncertainty of ±187 km s−1, which corresponds to the cosmic thermal velocity
yielded by the parametric model.

A convenient choice for SNe IIP is to use magnitudes in the middle of the
plateau, so I interpolated the observed V and I fluxes to the time correspond-
ing to 50 days after explosion. In order to use SNe IIP as standardized candles
it proves necessary to correct the observed fluxes for dust absorption. The
determination of Galactic extinction is under good control thanks to the IR
dust maps of [12], which permit one to estimate AGAL(V ) to ±0.06 mag. The
determination of absorption in the host galaxy, on the other hand, is difficult.
In H03 I described a method which assumes that SNe IIP should all reach the
same color toward the end of the plateau phase. The underlying assumption
is that the opacity in SNe IIP is dominated by e− scattering, so they should
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Fig. 2. (bottom) Raw Hubble diagram from SNe II plateau V magnitudes. (top)
Hubble diagram from V magnitudes corrected for envelope expansion velocities.

all reach the temperature of hydrogen recombination as they evolve [2]. The
method is not fully satisfactory since some discrepancies were obtained from
B−V and V − I (probably caused by metallicity variations from SN to SN).
An uncertainty of ±0.3 mag can be assigned to this technique based on the
reddening difference yielded by both colors.

The ejecta velocities come from the minimum of the Fe II λ5169 lines
interpolated to day 50, which is good to ±300 km s−1 [4]. In the four cases
where I had to extrapolate velocities I adopted an uncertainty of ±2000
km s−1.

The bottom panel of Fig. 2 shows the Hubble diagram in the V band, after
correcting the apparent magnitudes for the reddening values, while the top
panel shows the same magnitudes after correction for expansion velocities. A
least-squares fit to the data in the top panel yields the following solution,

V50 − AV + 6.564(±0.88) log(v50/5000) = 5 log(cz) − 1.478(±0.11). (1)

The scatter drops from 0.91 mag to 0.38 mag, thus demonstrating that the
correction for ejecta velocities standardizes the luminosities of SNe IIP signifi-
cantly. It is interesting to note that part of the spread comes from the nearby
SNe which are potentially more affected by peculiar motions of their host
galaxies. When the sample is restricted to the eight objects with cz>3,000
km s−1, the scatter drops to only 0.33 mag. The corresponding fit for the
restricted sample is,
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Fig. 3. (bottom) Raw Hubble diagram from SNe II plateau I magnitudes. (top)
Hubble diagram from I magnitudes corrected for envelope expansion velocities.

V50 − AV + 6.249(±1.35) log(v50/5000) = 5 log(cz) − 1.464(±0.15). (2)

Figure 3 shows the same analysis but in the I band. In this case the
scatter in the raw Hubble diagram is 0.83 mag, which drops to 0.32 mag
after correction for ejecta velocities. This is even smaller that the 0.38 spread
in the V band, possibly due to the fact that the effects of dust extinction
are smaller at these wavelengths. The least-squares fit yields the following
solution,

I50 − AI + 5.869(±0.68) log(v50/5000) = 5 log(cz) − 1.926(±0.09). (3)

When the eight most distant objects are employed the spread is 0.29 mag,
similar to that obtained from the V magnitudes and the same sample, and
the solution is,

I50 − AI + 5.445(±0.91) log(v50/5000) = 5 log(cz) − 1.923(±0.11). (4)
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Table 2. The Hubble Constant

SN Distance Reference H0(V ) H0(I)
Modulus (km s−1 Mpc−1) (km s−1 Mpc−1)

1968L 28.25(15) [13] 77±15 ...
1970G 29.13(11) [3] 77±13 ...
1973R 29.86(08) [3] 87±15 ...
1999em 30.34(19) [8] 64±13 65±12

Average 75±7 65±12

4 The Value of the Hubble Constant

The SCM can be used to solve for the Hubble constant, provided the distance
to a nearby SN is known. If the distance D of the calibrator is known, and
the distant sample is adopted, the Hubble constant is given by

H0(V ) =
10V50−AV +6.249log(v50/5000)+1.464

D
, (5)

H0(I) =
10I50−AI+5.445log(v50/5000)+1.923

D
. (6)

Among the objects of our sample SN 1968L, SN 1970G, SN 1973R, and
SN 1999em have precise Cepheid distances. The distances and the corre-
sponding H0 values are summarized in Table 2. SN 1999em is the only object
that provides independent values from the V and I bands, and the results
agree remarkably well. Within the uncertainties the values derived from the
V -band magnitudes are in good agreement for all four objects, and the aver-
age proves to be H0(V )=75±7 km s−1 Mpc−1.

Currently, the most precise extragalactic distance indicators are the peak
luminosities of SNe Ia. While the HST Key Project yielded a value of
H0=71±2 [3], Sandage and collaborators derived H0=59±6 [11]. The dif-
ference is mostly due to systematic uncertainties in the Cepheid distances
of the calibrating SNe. Since SCM is mainly calibrated with Cepheid dis-
tances of the HST Key Project, I conclude that both SNe Ia and SNe IIP
give consistent results, which lends further credibility to the SCM.

HP02 found a value of H0=55±12 based on one calibrator (SN 1987A),
which proves significantly lower than the current 65-75 range. The main rea-
son for this difference is that SN 1987A is not a plateau event and should not
have been included in the HP02 sample since the physics of its lightcurve is
different than that of SNe IIP.

5 Conclusions and Discussion

This sample of 24 SNe IIP shows that the luminosity-velocity relation can be
used to standardize the luminosities of these objects. The resulting Hubble
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diagram has a dispersion of 0.3 mag, which implies that SNe IIP can pro-
duce distances with a precision of 15%. Using four nearby SNe with Cepheid
distances I find H0(V )=75±7 and H0(I)=65±12. These values compare with
H0=71±2 derived from SNe Ia [3], which lends further credibility to the SCM.

This study confirms that SNe IIP offer great potential as distance indica-
tors. The recently launched Carnegie Supernova Program at Las Campanas
Observatory has already targeted ∼20 such SNe and in the next years it
will produce an unprecedented database of spectroscopy and photometry for
∼100 nearby SNe, which will be ideally suited for cosmological studies.

Although the precision of the SCM is only half as good as that produced
by SNe Ia, with the 8-m class telescopes currently in operation it should be
possible to get spectroscopy of SNe IIP down to V ∼23 and start populating
the Hubble diagram up to z∼0.3. A handful of SNe IIP will allow us to get
and independent check on the distances to SNe Ia.
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ble Fellowship grant HST-HF-01139.01-A awarded by the Space Telescope Science
Institute, which is operated by the Association of Universities for Research in As-
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Observing the First Stars, One Star at a Time
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Summary. Gamma-Ray Bursts (GRBs) are believed to originate in compact rem-
nants (black holes or neutron stars) of massive stars. Their high luminosities make
them detectable out to the edge of the visible universe. We describe the many
advantages of GRB afterglows relative to quasars as probes of the intergalactic
medium during the epoch of reionization. The Swift satellite, planned for launch
by the end of 2004, will likely open a new era in observations of the high redshift
universe.

1 Stellar Explosions at the Edge of the Visible Universe

Gamma-Ray Bursts (GRBs) are believed to originate in compact remnants
(black holes or neutron stars) of massive stars. Their high luminosities make
them detectable out to the edge of the visible universe [13, 24]. GRBs offer
the opportunity to detect the most distant (and hence earliest1) population of
massive stars, one star at a time. In the hierarchical assembly process of halos
which are dominated by cold dark matter, the first galaxies should have had
lower masses (and lower stellar luminosities) than their low-redshift counter-
parts. Consequently, the characteristic luminosity of galaxies or quasars is
expected to decline with increasing redshift. GRB afterglows, which already
produce a peak flux comparable to that of quasars or starburst galaxies at
z ∼ 1 − 2, are therefore expected to outshine any competing source at the
highest redshifts, when the first dwarf galaxies have formed in the universe.

Preliminary polarization data from the Wilkinson Microwave Background
Probe (WMAP) indicates an optical depth to electron scattering of ∼ 17±4%
after cosmological recombination [30]. This implies that the first stars must
have formed at a redshift z ∼ 20 [11, 12, 14, 29, 35, 36] and reionized a sub-
stantial fraction of the intergalactic hydrogen around that time. Early reion-
ization can be achieved with plausible star formation parameters in the stan-
dard ΛCDM cosmology; in fact, the required optical depth can be achieved
in a variety of very different ionization histories (since WMAP places only
an integral constraint on these histories [20]). One would like to probe the

1 Observational cosmology resembles archaeology. By probing deeper into the uni-
verse, one reveals layers of it that are more ancient (due to the finite speed of
light).
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full history of reionization in order to disentangle the properties and forma-
tion history of the stars that are responsible for it. GRB afterglows offer the
opportunity to detect stars as well as to probe the ionization state [5] and
metal enrichment level [17] of the intervening intergalactic medium (IGM).

GRBs, the electromagnetically-brightest explosions in the universe, should
be detectable out to redshifts z > 10 [13, 24]. High-redshift GRBs can be eas-
ily identified through infrared photometry, based on the Lyα break induced
by absorption of their spectrum at wavelengths below 1.216µm[(1 + z)/10].
Follow-up spectroscopy of high-redshift candidates can then be performed on
a 10-meter-class telescope. There are four main advantages of GRBs relative
to traditional cosmic sources such as quasars:

– The GRB afterglow flux at a given observed time lag after the γ-ray trigger
is not expected to fade significantly with increasing redshift, since higher
redshifts translate to earlier times in the source frame, during which the
afterglow is intrinsically brighter [13]. For standard afterglow lightcurves
and spectra, the increase in the luminosity distance with redshift is com-
pensated by this “cosmological time-stretching” effect.

– As already mentioned, in the standard ΛCDM cosmology, galaxies form
hierarchically, starting from small masses and increasing their average
mass with cosmic time. Hence, the characteristic mass of quasar black
holes and the total stellar mass of a galaxy were smaller at higher red-
shifts, making these sources intrinsically fainter [34]. However, GRBs are
believed to originate from a stellar mass progenitor and so the intrin-
sic luminosity of their engine should not depend on the mass of their
host galaxy. GRB afterglows are therefore expected to outshine their host
galaxies by a factor that gets larger with increasing redshift.

– Since the progenitors of GRBs are believed to be stellar, they likely origi-
nate in the most common star-forming galaxies at a given redshift rather
than in the most massive host galaxies, as is the case for bright quasars
[5]. Low-mass host galaxies induce only a weak ionization effect on the
surrounding IGM and do not greatly perturb the Hubble flow around
them. Hence, the Lyα damping wing should be closer to the idealized un-
perturbed IGM case [27] and its detailed spectral shape should be easier
to interpret. Note also that unlike the case of a quasar, a GRB afterglow
can itself ionize at most ∼ 4× 104E51M� of hydrogen if its UV energy is
E51 in units of 1051 ergs (based on the available number of ionizing pho-
tons), and so it should have a negligible cosmic effect on the surrounding
IGM.

– GRB afterglows have smooth (broken power-law) continuum spectra un-
like quasars which show strong spectral features (such as broad emission
lines or the so-called “blue bump”) that complicate the extraction of IGM
absorption features. In particular, the continuum extrapolation into the
Lyα damping wing (the Gunn-Peterson [19] absorption trough) during
the epoch of reionization is much more straightforward for the smooth
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UV spectra of GRB afterglows than for quasars with an underlying broad
Lyα emission line [4, 5].

Although the nature of the central engine that powers the relativistic jets
of GRBs is unknown, recent evidence indicates that GRBs trace the formation
of massive stars [6, 7, 23, 32, 33], and in particular that long-duration GRBs
are associated with Type Ib/c supernovae [31]. Since the first stars in the
universe are predicted to be predominantly massive [1, 8], their death might
give rise to large numbers of GRBs at high redshifts.

2 GRB Afterglows at High Redshifts

2.1 Motivation

In difference from quasars of comparable brightness, GRB afterglows are
short-lived and release ∼ 10 orders of magnitude less energy into the sur-
rounding IGM. Beyond the scale of their host galaxy, they have a negligible
effect on their cosmological environment2. Consequently, they make ideal
probes of the IGM during the reionization epoch. Their rest-frame UV spec-
tra can be used to probe the ionization state of the IGM through the spectral
shape of the Gunn-Peterson [19] (Lyα) absorption trough, or its metal enrich-
ment history through the intersection of enriched bubbles of supernova ejecta
from early galaxies[17]. Afterglows that are unusually bright (> 10mJy) at
radio frequencies should also show a detectable forest of 21 cm absorption
lines due to enhanced HI column densities in sheets, filaments, and collapsed
mini-halos within the IGM [10, 16].

Another advantage of GRB afterglows is that once they fade away, one
may search for their host galaxies. Hence, GRBs may serve as signposts of
the earliest dwarf galaxies that are otherwise too faint or rare on their own
for a dedicated search to find them. Detection of metal absorption lines from
the host galaxy in the afterglow spectrum, offers an unusual opportunity to
study the physical conditions (temperature, metallicity, ionization state, and
kinematics) in the interstellar medium of these high-redshift galaxies.

2.2 Afterglow Flux at the Lyα Wavelength

Figure 1 shows the expected spectral flux from GRB afterglows as a function
of observed time after the GRB trigger for a sequence of redshifts (assuming
typical model parameters [5]). The flux is calculated at the rest-frame Lyα
wavelength, where intergalactic HI should produce the Gunn-Peterson [19]
trough prior to reionization. As already mentioned, the flux does not decline
2 Note, however, that feedback from a single GRB or supernova on the gas confined

within early dwarf galaxies could be dramatic, since the binding energy of most
galaxies at z > 10 is lower than 1051 ergs [3, 25].
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Fig. 1. GRB afterglow flux as a function of time since the γ-ray trigger in the ob-
server frame (taken from [5]). The flux (solid curves) is calculated at the redshifted
Lyα wavelength. The dotted curves show the planned detection threshold for the
James Webb Space Telescope (JWST), assuming a spectral resolution R = 5000
with the near infrared spectrometer, a signal to noise ratio of 5 per spectral res-
olution element, and an exposure time equal to 20% of the time since the GRB
explosion (see http://www.ngst.stsci.edu/nms/main/ ). Each set of curves shows a
sequence of redshifts, namely z = 5, 7, 9, 11, 13, and 15, respectively, from top to
bottom.

dramatically with increasing redshift since cosmic time stretching counteracts
the luminosity distance increase.

The expected spectral shape of the Gunn-Peterson trough prior to the
final overlap phase of HII regions in the IGM, is shown in Fig. 2. If GRBs trace
the typical sites of star formation, then most of them should be hosted by
dwarf galaxies at high redshifts. Low-mass hosts would perturb only weakly
the surrounding IGM (radiatively through their ionizing flux, gravitationally
[through cosmological infall, or hydrodynamically through their winds), in
difference from the massive host galaxies of the brightest quasars at the same
epoch [4, 5]. Consequently, the spectral shape of the Lyα trough (which
is proportional to e−τ(λ), where τ(λ) is the optical depth as a function of
wavelength) is simpler to interpret for GRB afterglows than it is for quasars.
The optical depth as a function of wavelength in the Lyα damping wing is
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Fig. 2. Expected spectral shape of the Lyα absorption trough due to intergalactic
absorption in GRB afterglows (taken from [5]). The spectrum is presented in terms
of the flux density Fν versus relative observed wavelength ∆λ, for a source redshift
z = 7 (assumed to be prior to the final reionization phase) and the typical halo mass
M = 4 × 108M� expected for GRB host galaxies that cool via atomic transitions.
Top panel: Two examples for the predicted spectrum including IGM HI absorption
(both resonant and damping wing), for host galaxies with: (i) an age tS = 107

yr, a UV escape fraction fesc = 10% and a Scalo initial mass function (IMF) in
solid curves, or (ii) tS = 108 yr, fesc = 90% and massive (> 100M�) Pop III stars
in dashed curves. The observed time after the γ-ray trigger is one hour, one day,
and ten days, from top to bottom, respectively. Bottom panel: Predicted spectra
one day after a GRB for a host galaxy with tS = 107 yr, fesc = 10% and a
Scalo IMF. Shown is the unabsorbed GRB afterglow (dot-short dashed curve), the
afterglow with resonant IGM absorption only (dot-long dashed curve), and the
afterglow with full (resonant and damping wing) IGM absorption (solid curve).
Also shown, with 1.7 magnitudes of extinction, are the afterglow with full IGM
absorption (dotted curve), and attempts to reproduce this profile with a damped
Lyα absorption system in the host galaxy (dashed curves). (Note, however, that
damped absorption of this type could be suppressed by the ionizing effect of the
afterglow UV radiation on the surrounding interstellar medium of its host galaxy
[28].)

linearly proportional to the mean neutral fraction of the IGM, xHI, since its
amplitude is normalized by the optical depth at the Lyα resonance, ∼ 6.75×
105xHI[(1 + z)/10]3/2 [3, 25, 27].
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Fig. 3. Redshift distribution of all GRBs as compared to that measured by flux-
limited surveys (taken from [9]). (a) Fraction of bursts that originate at a redshift
higher than z vs. z. The data points reflect ∼ 20 observed redshifts. (b) Fraction
of bursts per logarithmic interval of (1 + z) vs. z. Solid lines: All GRBs for star
formation through atomic line cooling. Dot-dashed lines: Expected distribution for
Swift. Long-dashed lines: Expected distribution for BATSE. Note that the curves
for the two flux-limited surveys are very uncertain due to the poorly-determined
GRB luminosity function. Nevertheless, GRB number counts could provide a rough
measure of the cosmic formation rate of massive stars at high redshifts.

2.3 Statistics

The upcoming Swift satellite (see http://swift.gsfc.nasa.gov/ ), planned for
launch by the end of 2003, is expected to detect about a hundred GRBs per
year. Fig. 3 shows the expected redshift distribution of all GRBs (solid lines),
under the assumption that the GRB rate is simply proportional to the star
formation rate [9]. The long-dashed and the dot-dashed lines show the same
rate, but taking into account the limited sensitivity of the BATSE and Swift
detectors, respectively. This calculation implies that about a quarter of all
GRBs detected by Swift should originate at z > 5. This estimate is rather
uncertain because of the poorly determined GRB luminosity function [9].
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In principle, the rate of high-redshift GRBs may be significantly sup-
pressed if the early massive stars fail to launch a relativistic outflow. This
is possible, since metal-free stars may experience negligible mass loss be-
fore exploding as a supernova. They would then retain their massive hy-
drogen envelope, and any relativistic jet might be quenched before escaping
the star. However, localized metal enrichment is expected to occur rapidly
(on a timescale much shorter than the age of the then-young universe) due
to starbursts in the first galaxies and so even the second generation of star
formation could occur in an interstellar medium with a significant metal con-
tent, resulting in massive stars that resemble more closely the counterparts
of low-redshift GRB progenitors.

We note that the known population of optically-dark GRBs [23] is most
likely associated with dust-obscured GRBs at low redshifts, although a small
fraction of these bursts could be optically-dark due to Lyα absorption by the
IGM at high-redshift.

2.4 Progenitors

In the previous section, we have assumed for simplicity a constant efficiency
of forming GRBs per unit mass of stars. This simplifying assumption may
either overestimate or underestimate the frequency of GRBs. Metal-free stars
are thought to be massive [1, 8] and their extended envelopes may suppress
central jets within them (which may be produced through the collapse of
their core to a spinning black hole). On the other hand, low-metallicity stars
are expected to have weak winds with little angular momentum loss during
their evolution, and so they may preferentially yield rotating central configu-
rations that produce GRB jets after core collapse [18, 22]. The basic question:
“Should GRBs be common in the first generation of metal-free stars?” re-
mains open for further study.

3 Swift: A Challenge for Infrared Follow-Ups

A small fraction (∼ 10–25%) of the GRB afterglows detected by Swift are
expected to originate at redshifts z > 5. This subset of afterglows can be
selected photometrically using a small telescope, based on the Lyα break at
a wavelength of 1.216µm[(1 + z)/10], caused by intergalactic HI absorption.
The challenge in the upcoming years would be to follow-up on these can-
didates spectroscopically, using a large (10-meter class) telescope. A high-
resolution spectrum can then be used to trace the ionization state (see Fig.
2) and metal enrichment state of the gas along the line-of-sight. For example,
Fig. 4 illustrates the expected number of intersections of enriched bubbles of
supernova ejecta from early galaxies, as a function of the equivalent width of
the metal absorption lines they produce (see [17] for details). Measurement
of this statistic for different metals can be used to constrain the initial mass
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Fig. 4. Predicted number of line-of-sight intersections of metal-enriched bubbles
around the first galaxies per redshift interval at a redshift z = 8 (taken from [17]).
This statistic was calculated as a function of the equivalent width threshold of the
metal absorption lines produced by these bubbles, for typical parameter choices of
the theoretical model (see [17] for details). Thick solid, long-dashed, short-dashed,
and dotted curves are for C II, O I, Si II, and Fe II metal lines, respectively. Thin
solid and short-dashed curves are for C IV and Si IV, respectively.

function (through element abundances) and the mechanical energy output
(through bubble sizes) of the first stars, as well as the significance of molec-
ular H2 cooling in forming stars within the first mini-halos (through the
number density of small bubbles).

Based on the arguments mentioned in §1, GRB afterglows are likely to
revolutionize observational cosmology and replace traditional sources like
quasars, as probes of the IGM at z > 5. We caution, however, that this
is a theoretical expectation (the highest redshift GRB detected so far [2] is
at z ∼ 4.5) and as such it is subject to uncertainties about the production of
relativistic outflows by the first generation of stars.

However, note that even if GRB outflows are quenched in the massive
envelopes of low-metallicity stars, one would expect them to appear at high
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redshifts. This follows from the fact that metallicity obtains a large range
of possible values (in different spatial regions) at any slice of cosmic time.
For example, the broad emission lines of all known quasars show evidence
for high metallicity gas [15, 21], and so it is clear that there are pockets
of highly enriched gas near the centers of massive galaxies at z > 6, where
star formation reached an advanced stage and GRB production should be as
likely as it is in the local universe. The cores of the most massive galaxies at
z > 6 simply predate the characteristic evolution of the rest of the universe
at a much lower redshift, because these cores reside in unusually over dense
cosmological environments [26]. Such environments are likely to produce GRB
progenitors in the same way that less over dense cosmological regions produce
them at a lower redshift. Swift has the potential to educate us whether GRBs
are produced only within these massive galaxies or in the more common sites
of star formation at early cosmic times, namely the low-metallicity dwarf
galaxies.

In either case, the near future promises to be exciting for GRB astronomy
as well as for studies of the high-redshift universe.
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Plate (Loeb)

a) The coarse−grained
morphology in a box with a
linear physical size of
23.5 pc. At this time, 
a gravitationally−bound clump
has formed with a mass of
~1000 M

b) The fine−grained morphology
in a box with a linear physical size
of 0.5 pc. The central density peak
accretes mass vigorously,and is
accompanied by a  secondary clump.

Numerical simulation of the collapse and fragmentation of a primordial cloud in 3D.  We show the projected
gas density at a redshift z ~ 21.5, shortly after gravitational runaway collapse has converged at the center of
the cloud.  (From Bromm,V., & Loeb, A., New Astronomy, 9, 353−364 (2004); astro−ph/0312456)

Plate 6.
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Summary. We present new results on the Hubble diagram of distant type Ia su-
pernovae (SNe Ia) segregated according to the type of host galaxy. This makes it
possible to check earlier evidence for a cosmological constant by explicitly compar-
ing SNe residing in galaxies likely to contain negligible dust with the larger sample.
The cosmological parameters derived from these SNe Ia hosted by presumed dust-
free early-type galaxies support earlier claims for a cosmological constant, which
we demonstrate at � 5σ significance, and the internal extinction implied is small
even for late-type systems (AB < 0.2). Furthermore, the scatter observed in the
SNe Ia Hubble diagrams correlates closely with host galaxy morphology. We find
this scatter is smallest for SNe Ia occurring in early-type hosts and largest for those
in late-type galaxies. Moreover, SNe residing in late-type hosts appear fainter in
their light-curve-width-corrected luminosity than those in early-type hosts, as ex-
pected if a modest amount of dust extinction is a contributing factor. Thus, our data
demonstrate that host galaxy extinction is unlikely to systematically dim distant
SNe Ia in a manner that would produce a spurious cosmological constant.

1 Introduction

Type Ia supernovae (SNe Ia) have emerged as important probes of the cos-
mological world-model. Empirical relationships between the peak intrinsic
luminosity and the light-curve decay time can reduce the dispersion in their
photometric properties to � 0.17mag, making them excellent “calibrated
candles” over a wide range in redshift. Systematic detection and calibration
of high redshift SNe Ia over the last 10 years has led to two independent
SN Ia Hubble diagrams, published by the Supernova Cosmology Project [3]
(SCP) and the High-Redshift Supernova Search Team [6]. Data from both
teams convincingly reject the deceleration expected from an Einstein–de Sit-
ter (EdS) Universe, and provide evidence for a cosmic acceleration in a low
mass-density Universe consistent with a non-zero vacuum energy density.

Such important results demand excellent supporting evidence, examining
the homogeneity, environmental trends and evolutionary behavior of SNe Ia.
Systematic differences in the peak magnitudes between high and low-redshift
�� http://supernova.lbl.gov/
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Table 1. The best-fitting cosmologies for SNe residing in each host galaxy type

SNe Subset Best ΩΛ Mean DOF χ2 Probability that:

dispersion /DOF ΩΛ > 0 ΩΛ ≥ ΩM
2

All SNe 0.72+0.09
−0.08 0.199 51 1.121 99.79 99.59

E/S0 0.57 (0.58)+0.12
−0.11 0.159 12 0.680 97.09 94.80

Spirals 0.67 (0.66)+0.07
−0.06 0.235 46 1.590 99.85 99.75

Early 0.50 (0.50)+0.12
−0.11 0.200 22 1.309 92.46 86.83

Late 0.77 (0.78)+0.08
−0.07 0.272 23 1.761 99.98 99.97

SNe, arising either from evolutionary effects in the SNe progenitors or via
subtle differences in the environments of the low and high-redshift galaxies
in which SNe are produced, could mimic the cosmic acceleration without
necessarily destroying the small dispersion seen in existing Hubble diagrams.
Here, we present the results of a study examining the dependence of SN prop-
erties on host galaxy morphology via Hubble Space Telescope (HST) imag-
ing and Keck spectroscopy. Disc and spheroidal stellar populations represent
different star-formation histories, metallicities and, most importantly, dust
content, and we might expect that SNe Ia progenitor composition and peak
magnitudes/light-curve properties could be affected accordingly. In particu-
lar, we investigate how existing Hubble diagrams are affected by SNe lying
in different types of host galaxy where the dust content of the hosts varies
from type to type, and thus examine the effect of host galaxy extinction on
the determination of the cosmological parameters.

2 Datasets

In this analysis we use the high-redshift SNe sample taken from the SCP
[3]. We have three diagnostics available for the high-redshift sample: i) HST-
STIS/WFPC2 imaging providing morphology and SN location within the
host, ii) Keck-II/ESI spectroscopy addressing the star-formation characteris-
tics of the host galaxies, and iii) Ground-based R, I imaging from the original
SN discovery campaigns which acts as a consistency check on the other two
diagnostics. We classify each host as either a spheroidal (E/S0), an early-type
spiral (Sa-Sbc), or a late-type spiral/irregular (Scd and later types). In total,
93% of the high-redshift SNe sample can be classified using these data. We
combine this high-redshift sample with existing low-redshift samples [1, 5]
using published host galaxy classifications [2].

3 Main Results

The Hubble diagram for the high-redshift SNe Ia as a function of host galaxy
type can be found in Fig. 1, and the results of the cosmological fits for the
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Fig. 1. The stretch-corrected high-redshift SNe Ia Hubble diagram plotted accord-
ing to the class of the host galaxy. The expected brightness in both EdS and accel-
erating Universes are shown.

different SNe sub-classes are listed in Table 1 (see [7] for the full set of re-
sults). The principle finding is that all of the SNe subgroups strongly support
cosmologies with ΩΛ > 0, and the best-fitting cosmological models for each
SN sub-group are broadly consistent within the error-bars.

Furthermore, SNe residing in E/S0 galaxies provide ‘tighter’ cosmological
fits, with smaller dispersions and χ2/DOFs than the fits for SNe residing
in later-type galaxies. The likely explanation for this result is that ellipti-
cal galaxies form a very homogeneous class of objects, being regular and
usually dust-free when compared to the typically dusty nature of later-type
galaxies. This hypothesis allows us to estimate the intrinsic spread in the
peak magnitude of E/S0 SNe compared to those residing in other classes of
galaxy. Currently, each SNe error contains a contribution of 0.17 mag added
in quadrature to allow for the uncertainty in the light-curve-width-luminosity
correction, regardless of the host class. As some of this dispersion arises from
host galaxy extinction, we can use the (presumed) dust-free E/S0 SNe pop-
ulation to estimate the intrinsic dispersion for this class of SNe. For SNe in
each host type, we therefore repeat the cosmological fits, altering the intrinsic
dispersion until the χ2/DOF for each fit is equal to one.

The intrinsic dispersions are (in magnitudes) 0.10, 0.25, and 0.24 for E/S0,
early and late-type spirals/irregulars respectively. This small intrinsic dis-
persion seen for SNe in E/S0 matches very closely the dispersion seen in
low-redshift SNe after a technique correcting for the effects of reddening has
been applied (0.11 mag) [4]. The implication from this small dataset is clear:
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Fig. 2. The SN rest-frame “color excess” (E(B − V )) plotted as a function of the
host galaxy type. The error-weighted mean of each distribution are shown as stars.
The vertical offsets for each plotted SN is used to avoid over-plotting the data points
and is illustrative only. High-redshift SNe are shown as filled circles, low-redshift
SNe as open circles.

SNe residing in E/S0 hosts are superior “standard candles” than those in
later-type galaxies due to the small amount of extinction affecting them.

We can further investigate the important issue of dust extinction on the
SNe sample in two ways. Firstly, we can search for any differential extinction
between the low and high-redshift samples by examining the distribution of
the color excesses of the SNe (see [3, 7] for further details on how the color
excess is measured), with larger color excesses representing redder SNe and
hence likely higher extinctions. The distributions of the color excess at low
and high-redshift are shown in Fig. 2, and appear very similar, with no clear
offsets between the two populations. The mean color excess in E/S0 galaxies
is � 0, indicating that this population is largely dust-free. In spiral galaxies
the color excess is more significant at � 0.07 – but this value is dominated
by two red SNe which are excluded from the principle cosmological fit of [3].
When these two SNe are removed, the color excess drops to 0.03 in spiral
galaxies [7].

The second test on the effect of dust on the SNe properties investigates
the dust content of spiral galaxies compared to E/S0 galaxies. When using
SNe Ia as standard candles, an intrinsic absolute magnitude for the SNe is
fit for – but this intrinsic magnitude contains not just information on the
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brightness of the SN, but also information about the environment of each
SN, in particular the amount of dust that may be dimming the SN light. To
investigate this, we re-fit the cosmologies for SNe in the different sub-groups,
but this time fitting only for this intrinsic SN magnitude, and holding the
cosmology fixed at the values derived for SNe in E/S0 galaxies.

We find only a small difference between the brightness of SNe in E/S0s and
spirals of 0.07±0.08 magnitudes – the largest difference is between E/S0 and
late-type spirals at 0.14 ± 0.09. These values are only marginally significant,
and provide little evidence for an increased reddening between SNe in E/S0
and spiral galaxies.

4 Summary

We have investigated the Hubble diagram of SNe Ia by classifying 39 high-
redshift events according to the their host galaxies as revealed by HST imag-
ing, intermediate dispersion spectroscopy and broad-band colors. Together
with morphological data for the host galaxies of local SNe drawn from the
literature, we find the following.

1. SNe in all galaxy sub-groups provide convincing evidence for ΩΛ > 0,
though the scatter on the Hubble diagram does correlate closely with
the host galaxy type. This scatter is minimal for SNe occurring in host
galaxies classed as early-type, and increases towards later classes. The
correlation does not depend on whether the SN are corrected for differ-
ences in light-curve shape.

2. We compare the color excesses of distant SNe Ia with those observed
locally and see no evidence for an increased extinction at higher-redshift.
We see slight evidence for a type-dependent color excess, with, on average,
spirals hosting the redder SNe.

3. SNe occurring in the later types are on average only marginally fainter
than those in E/S0 galaxies, with a difference in the absolute peak lu-
minosities between SNe in late-type spirals and E/S0s of only 0.14 ±
0.09 mag. This drops to 0.07 ± 0.08 mag when the spirals are taken as a
whole.

We interpret these results according to the hypothesis that dust extinction
in the host galaxy is the significant cause of the scatter in the Hubble dia-
gram. Most importantly, the Hubble diagram confined to SNe Ia occurring in
early-type host galaxies with presumed minimal internal extinction presents
a very tight relationship and provides a � 5σ confirmation of a non-zero
cosmological constant, assuming a flat Universe. When no assumption about
the flatness of the Universe is made, SNe in E/S0 galaxies imply ΩΛ > 0 at
nearly 98 per cent probability. Furthermore, the trends in extinction by host
galaxy morphology and between low and high-redshift examples implies only
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modest extinctions in spirals, though with a large galaxy-to-galaxy scatter.
Our study is a good illustration of how ancillary data on host galaxies can
be used to examine the nature and reliability of SNe as probes of the cos-
mological expansion history. We show that internal dust extinction cannot
be a primary contaminant and that SNe Ia, particularly those occurring in
spheroidal galaxies which can be readily screened with spectroscopic, colors
and morphological data, represent a very powerful cosmological probe.
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Summary. The iron mass in galaxy clusters is about 6 times larger than could
have been produced by core-collapse SNe, assuming the stars in cluster galaxies
formed with a standard IMF. Type-Ia SNe have been proposed as the alternative
dominant iron source. We use our HST measurements of the cluster SN-Ia rate at
high redshift to study the cluster iron enrichment scenario. The measurements can
constrain the star-formation epoch and the SN-Ia progenitor models via the mean
delay time between the formation of a stellar population and the explosion of some
of its members as SNe-Ia. The low observed rate of cluster SNe-Ia at z ∼ 1 pushes
back the star-formation epoch in clusters to z > 2, and implies a short delay time.
We also show a related analysis for high-z field SNe which implies, under some
conditions, a long SN-Ia delay time. Thus, cluster enrichment by core-collapse SNe
from a top-heavy IMF may remain the only viable option.

1 The SN Ia Rate in z ≤ 1 Galaxy Clusters
and the Source of Cluster Iron

The iron mass in galaxy clusters is about 6 times larger than could have
been produced by core-collapse supernovae (SNe), assuming the stars in the
cluster formed with a standard initial mass function (IMF; e.g., [10]). SNe Ia
have been proposed as the alternative dominant iron source. Different SN Ia
progenitor models predict different “delay functions”, between the formation
of a stellar population and the explosion of some of its members as SNe Ia. We
use updated measurements of the total iron mass-to-light ratio in rich clusters
to normalize the predicted SN Ia rate in clusters vs. redshift, using the delay
function parameterization of [6]. We then use our previous measurements of
the cluster SN Ia rate at high redshift [2] to constrain SN Ia progenitor models
and the star-formation epoch in clusters. The low observed rate of cluster
SNe Ia at z ∼ 0 − 1 (Fig. 1) means that, if SNe Ia produced the observed
amount of iron, they must have exploded at even higher z. This puts a > 95%
upper limit on the mean SN Ia delay time of τ < 2 Gyr (< 5 Gyr) if the stars
in clusters formed at zf < 2 (zf < 3), assuming Ho = 70 km s−1 Mpc−1

(see [5] for full details). In the next section, we show that, for some current
versions of cosmic (field) star formation history (SFH), observations of field
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Fig. 1. Predicted SN Ia rates vs redshift, if most of the iron mass in clusters is
produced by type-Ia SNe following a brief burst of star formation at redshift zf = 2
(solid curves) and zf = 3 (dashed curves). The bottom panel is a zoom on the
low-z region of the top panel. The different curves are for SN Ia transfer functions
with mean delay times, τ , as marked. Cluster SN Ia rate measurements are by
[2, 9]. The latter are shown with 95%-confidence vertical error bars. The horizontal
error bars give the visibility-time-weighted redshift ranges of the cluster samples.
The zf = 2 models (solid curves) with τ ≥ 2 Gyr are clearly ruled out by the
z ∼ 1 SN-rate measurement, even after accounting for a 30% uncertainty in the
normalization of the models. The zf = 3 model (dashed curves) with τ = 5 Gyr
predicts unacceptably high rates at low z.

SNe Ia place a lower bound on the delay time, τ > 3 Gyr. If these SFHs
are confirmed, the entire range of τ will be ruled out. Cluster enrichment
by core-collapse SNe from a top-heavy IMF will then remain the only viable
option.
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Fig. 2. Illustration of the modeling and comparison to data. The SFH (Ψ(z)) is
modeled by two power laws, smoothly joined at z = 1.2. We denote the high-z
index with α and the low-z index with β. Panel a shows two examples, a “Madau”
SFH, with a peak at z = 1.2 (solid curve), and a shallower model (dashed curve)
reflecting the proposed modifications by [1, 11]. Panel b shows two examples of the
expected SN Ia rate density following a brief burst of star formation. These delay
functions are calculated using the prescription of [6], with characteristic exponential
delay times of τ = 1h−1 Gyr (solid) and τ = 3h−1 Gyr (dashed). For display
purposes, an arbitrary redshift of z = 3 has been chosen for the burst of star
formation. SFH models are convolved with a delay function, and the resulting SN
rate densities n(z) for a “Madau” SFH with τ = 1h−1 Gyr (solid) and a “Cowie-
Steidel” SFH with τ = 3h−1 Gyr (dashed) are shown in panel c. Panel d shows
the predicted SN distributions, N(z), for the models of panel c, in a survey with
the same observational parameters of the SCP search. KS tests show that the
cumulative version of N(z) from a model combining a “Madau” SFH with a typical
delay time of τ = 1h−1 Gyr (panel e) is ruled out by the data, while a model
with “Cowie-Steidel” SFH and τ = 3h−1 Gyr is consistent with the data (panel f).
This “forward modeling” type of analysis is more powerful than the derivation of
an observed SN rate at a mean z from the data (e.g., [8, 12]) and comparison to
predictions (as in panel c), since no binning over redshift is carried out. Vertical
axis units are arbitrary in panels a-d.
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Fig. 3. Probability of SN Ia time delay values τ , given the data, for particular SFH
models. Assuming the SFH models shown in the upper panels, we can constrain the
allowed values of τ by the probability derived from the KS test (lower panels). Points
below the upper and lower dotted lines are ruled out at 95% and 99% confidence,
respectively.

2 The Redshift Distribution of Field SNe Ia: Constraints
on Progenitors and Cosmic Star Formation History

In this section, we use the redshift distribution of SNe Ia discovered by the
Supernova Cosmology Project (Pain et al. 2002) to constrain the star for-
mation history (SFH) of the Universe and SN Ia progenitor models. Fig. 2
illustrates how, for a given choice of parameters describing the SFH and SN Ia
delay time, we predict the observed cumulative (i.e., unbinned) redshift dis-
tribution in a given survey, and compare it to the data. Given some of the
recent determinations of the SFH, the observed SN Ia redshift distribution
indicates a long (>∼ 1h−1 Gyr) mean delay time between the formation of a
stellar population and the explosion of some of its members as SNe Ia (Fig. 3).
For example, if the Madau et al. (1998) SFH is assumed, the delay time τ is
constrained to be τ ≥ 1.7(τ ≥ 0.7)h−1 Gyr at the 95%(99%) confidence level
(CL). SFHs that rise at high redshift, similar to those advocated by Lanzetta
et al. (2002), are inconsistent with the data at the 95% CL unless τ > 3.5h−1
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Gyr. Long time delays disfavor progenitor models such as edge-lit detonation
of a white dwarf accreting from a giant donor, and the carbon core ignition
of a white dwarf passing the Chandrasekhar mass due to accretion from a
subgiant (e.g., [13]). The SN Ia delay may be shorter, thereby relaxing some
of these constraints, if the field star formation rate falls, between z = 1 and
the present, less sharply than implied, e.g., by the original Madau plot. The
discovery of larger samples of high-z SNe Ia by forthcoming observational
projects should yield strong constraints on the progenitor models and the
SFH (see [3] for full details). In the previous section we have demonstrated
that if SNe Ia produce most of the iron in galaxy clusters, and the stars in
clusters formed at z ∼ 2, the SN Ia delay time must be lower than 2 Gyr. If
so, then the Lanzetta et al. [4] SFH is inconsistent with the data presented
here (Fig. 3).

3 Conclusions

The large mass of iron in clusters, combined with the low SN Ia rate we have
measured in z ∼ 1 clusters, require that, if SNe Ia are the dominant iron
source, their delay time must be short. This would cast doubt, e.g., on the
double degenerate models. The observed redshift distribution of field SNe Ia
implies a slowly changing field SNR(z) for SNe Ia. For several popular star-
formation histories, this then indicates a long delay time. Taken together,
these constraints may suggest that the iron in clusters is from core-collapse
SNe, from an early stellar population with a top-heavy IMF.
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Summary. We have analyzed the influence of the stellar populations, from which
SN progenitors come, on the observational outcome, including the metal free Pop.
III. We use our models to study the evolution of the progenitor, the subsequent
explosion and the light curves. For Type Ia, the variation of the main sequence mass
of the progenitor of the exploding WD produces an offset in the maximum-decline
relation of 0.2 mag. This effect is critical for the use of high redshift Type Ia SNe
as cosmological standard candles. In contrast, the metallicity does not change the
above relation (at maximum, ∆MV ≤0.06 mag). For Type II, we find a dependence
of the light curve properties with both main sequence mass and metallicity of the
progenitor, and we identify a rather homogeneous subclass, “Extreme II-P,” that
may be used as a quasi-standard candle. Note that, although not as good as Type
Ia for distance determinations, Type II are expected to have occurred since the first
stars were formed.

1 Introduction

Due to their high brightness, SNe are among the best candidates to measure
distances on cosmological scales; in particular, Type Ia SNe (SNe Ia) are the
favorites as they are brighter by about 1 to 2 magnitudes than other class
of SNe and show very homogeneous properties. Recently, SNe Ia observed
at high redshifts, z, (see [31, 35]) have provided results that are consistent
with a Universe composed mainly of “dark energy” or, equivalent, with a
positive cosmological constant, ΩΛ ∼ 0.7. Note that this conclusion relies on
the application of an empirical relation between light curve (LC) shape and
maximum luminosity which is obtained for the well observed nearby SNe Ia
occurring in galaxies at known distance [31, 34].

To understand the nature of this dark energy, we need to observe standard-
candles at high z. The quantity and quality of the data is increasing due to
systematic searches, space telescopes and 8m-class ground telescopes. How-
ever, SNe or other standard-candles are calibrated locally, and their applica-
tion to very high z may be limited by evolutionary effects. In fact, there is
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observational evidence indicating a correlation of SN properties with those
of their host galaxies [2, 3, 11, 22, 38].

SNe Ia are thought to be the thermonuclear explosion of CO white-dwarfs
[20] triggered by mass accretion from a companion. The proposed scenarios
are merging of WDs by gravitational radiation (double degenerate) [21, 39],
and accretion of H and/or He from a non-degenerate companion (single de-
generate) [40]. Moreover, they occur in elliptical galaxies indicating that some
of their progenitors, at least, have evolutionary time-scales comparable to the
Hubble time and, thus, at high z SNe Ia should be rare.

The other class of SNe, core collapse SNe, are thought to be the explosion
of massive stars (greater than ∼ 10M�) caused by the collapse of its central
parts into a neutron star or a black hole. Their evolutionary time scales
are short compared to the age of the universe even at high z [26, 37, 42].
Core collapse SNe show a wide range of brightness, up to 6 magnitudes,
and properties of their light curves [10, 30, 43] which prevents their use as
standard-candles. However, our knowledge of the event is improving and it
may be possible to derive the absolute magnitude in a similar way as Type Ia
if appropriate empirical correlations can be identified (see Hamuy, this volume
and [12]). These objects will occur soon after the initial star formation period
and, therefore, can be used to probe the structure of the universe at high z
(e.g., at z ∼ 5). At that epoch, galaxies are expected to be small and dim
and core collapse supernovae may be the brightest objects in the Universe
[27].

It is expected that, going back in time, the stellar population of the SN
progenitors would be composed of more low metallicity and rapidly evolving,
more massive, stars. In this work we focus, mainly, on the exploration of
the sensitivity of the light curve characteristics on the underlying progenitor
properties: initial mass and metallicity (Z).

2 Numerical Models

2.1 Stellar Evolution

The evolution of selected models in the mass range from 1.5 to 25 M� and Z
between 0 (Pop.III) and 0.02 (solar) have been computed from the pre-main
sequence to the TP-AGB phase in the case of the low and intermediate mass
stars and to the onset of core collapse for the massive stars. We have not
included rotation neither mass loss.

All models have been computed by means of the evolutionary code
FRANEC (rev 4.2) and are extensively described in [7, 9, 25]. The details of
the FRANEC has been presented in [4, 5, 36].
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2.2 Explosions and Light Curves

Based on the previous models, the explosion, detailed post-processing and
light curves are computed by means of a 1D radiation-hydrodynamic code
(see [7, 9, 16]). All parameters are fixed in order to analyze the sensitivity of
the observed properties to the initial mass and metallicity of the progenitors.

For Type Ia we have considered delayed detonation explosions because
models based on this explosion mechanism reproduce monochromatic light
curves and spectra reasonable well, including the maximum-LC shape relation
(see for example [14, 15, 24, 29, 41]. The description of the velocity of the
deflagration front is based on 3D simulations [8, 23, 28]; model parameters,
transition density and ignition density, are fixed and have been chosen to
reproduce a typical SN Ia.

For Type II, the explosion is triggered artificially by depositing energy
above the mass cut, fulfilling the requirement that the final kinetic energy
and the 56Ni mass is the same in all models.

3 Results

3.1 Type Ia

We have connected the initial mass and metallicity of the WD progenitor to
the light curves and spectral properties of SNe Ia. All the potential progeni-
tors of the WD have been studied. The key parameter is the integrated C/O
ratio, the fuel, within the Chandrasekhar mass WD. In general, changes are
small because the nuclear energy released by a complete burning (into iron
group ashes) of a pure Carbon WD is about 10 % larger than that released
by a pure Oxygen WD with the same mass.

We find that the initial mass of the progenitor modifies the average C/O
in the WD up to a 22 % and, as a consequence, the 56Ni mass produced by the
explosion and the kinetic energy (for details see [9] and also [17]). Progenitors
with greater masses (smaller C/O rate within the WD and consequently less
amount of 56Ni) produce less luminous and slightly faster decline LCs. In
particular, the initial mass alters the maximum-LC shape relation, which
may be offset by up to 0.2 mag. Notice that for a detailed analysis of the
nature of the dark energy an accuracy of 0.05 mag is required [1].

In addition, for these massive progenitors, kinetic energies and expan-
sion velocities are also smaller, down to 2000 km/s. This correlation between
LC shape and expansion velocity may be used to reduce the scatter in the
empirical relation from which the maximum luminosity is obtained.

The dependence of the total C/O on the initial mass is mainly due to
the different extension of the convective core during the central He burning
phase. In fact, the internal structure of an exploding WD may be schemati-
cally divided in two distinct regions: an internal one, where C is significantly



570 I. Domı́nguez et al.

depleted (about 25 % C and 75 % O) and an external one, where C/O is
about 1. The internal region is built in during the core He-burning phase,
while the external one is left by the shell burning (AGB or accretion phase).
Since the extension of the central region (C depleted) coincides with the con-
vective core of the He-burning progenitor, and since more massive progenitors
have a larger convective cores, the larger is the progenitor mass, the smaller
is the final (pre-explosive) C/O.

In contrast, the dependence of the size of this inner C-depleted region with
metallicity is much weaker and not monotonic. In fact, the metallicity of the
progenitor does not influence the average C/O ratio within the WD; changes
are smaller than 9 % and, as a consequence, the amount of 56Ni produced in
the explosion and the kinetic energies are rather similar (however, see also
[18]). For this reason, metallicity does not influence the maximum luminosity
(∆MV ≤0.06 mag), nor the LC shape.

Finally, we want to stress, that the final integrated C/O ratio within
the pre-explosive Chandrasekhar mass WD depends on the scenario; mergers
(double degenerate) are expected to have a smaller C/O ratio compared to
single degenerates. The reason is that, in the case of merging, two central
carbon depleted region corresponding to the two WDs, are added.

3.2 Type II

First, we want to mention the limitation of our theoretical study; we have
explored a very limited parameter space (see Hamuy, these Proceedings, and
[13]) and to compare with observations, different 56Ni masses and kinetic
energies should be considered and mass loss included during the evolution of
the progenitor.

We find (see [7, 19] for details) that all the Pop. III models end up as
Blue Super Giants (BSG) while all the solar metallicity ones end up as Red
Super Giants (RSG). At intermediate Z, the more massive stars end up as
BSG while the less massive ones end up as RSG. The limiting mass depends
on Z. In general, the stellar radius depends on the opacity of the envelope;
the lower the metallicity, the lower the opacity and, as a consequence, the
structure is more compact.

If the progenitor is a RSG, the brightness during the plateau phase, which
lasts more than 50 days, is nearly constant, MV ∼ -17.5, and quite insensitive
to changes of the initial mass (∆MV ≤0.07 mag). Increasing the kinetic
energy by a factor of 2, results in a slightly brighter plateau, ∆MV ≤0.3 mag.
This makes this sub-class, which we call “Extreme II-P,” a quasi-standard
candle.

The similarity of the LCs is caused by the similarity of the density struc-
tures of the RSG envelopes, which show flat density gradients at the pho-
tosphere, which during the plateau phase is located at the H-recombination
front. A self-regulating mechanism is at work: an increase in the energy release
causes a heating of the photosphere and a reduction of the energy production
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rate and vice versa. Because the density slope of the photosphere is flat and
slowly changing, the luminosity profile of the light curves is rather flat.

Moreover, the unique light curves of Extreme II-P allow photometric iden-
tification and so, permit their observation from ground 8m-class telescopes
up to a redshift of z ∼ 3. Space telescopes, like SIRTF, would push this limit
even further and the NGST is expected to detect SNII up to z ∼ 10.

BSG progenitors produce sub-luminous events, 1.5 magnitudes fainter
than SNII which come from RSGs. The light curve presents, instead of the
plateau, a long-lasting phase of increasing brightness. In this case the self-
regulating mechanism does not work due to the steep density gradients.

Finally, these studies are very preliminary, key problems, concerning the
identification of the progenitors (Type Ia) and the explosion mechanisms
(Type Ia and Type II), are still to be solved, and, besides, we do not know
how the stellar populations evolve with redshift.
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Summary. Supernovae have provided the evidence for the existence of a dominant
dark energy component of the Universe. The commonly accepted form of such a
component is the quintessence. Here, we show that the possible nature of this com-
ponent is rather well constrained by combining the various existing observational
cosmological data. However, relaxing some of the various hypothesis can lead to
somewhat different results.

1 Introduction

In a couple of years the so-called concordance model, i.e. ΩM ∼ 0.3 ΩΛ =
1. − ΩM ∼ 0.7 and H0 ∼ 72 km/s/Mpc has become almost the standard
model of modern cosmology. Its ability to reproduce several major observa-
tions of cosmological relevance is actually remarkable. In addition the WMAP
signal is fully consistent with such a model which has therefore gained in
strength. However, it requires the introduction of a non-zero cosmological
constant which represents the actual dominant contribution to the density
of the Universe. Although such a possibility has been advocating by Ein-
stein for cosmological purpose since 1917, cosmologists have been reluctant
to take seriously into account such a term during the last eighty years! The
question of whether there is an actual non-zero cosmological constant (or
something similar), dominating the density of the Universe and producing its
acceleration is certainly one of the most important and surprising question
of modern physics. Here we would like to point out that direct evidence for
a cosmological constant is very limited.

2 The Cosmological Constant: a Strange Object

The presence of a positive cosmological constant dominating the density of
the Universe has rather dramatic consequences: the vacuum is actually the
dominant component of the density of the Universe with a negative gravi-
tational force inducing acceleration of the Universe. Indeed, within general
relativity the source of gravity is:
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Fig. 1. Classical 1, 2, 3 σ contours in the plane ΩM , Ωλ from the Hubble diagram
of SNIa using the SCP supernovae set (Perlmutter et al., 1999).

ρ +
3p

c2
(1)

ρ being the density and p the pressure. The vacuum has the following equation
of state:

p = −ρc2 (2)

leading to a negative source of gravity. A first puzzling aspect of the con-
cordance model is that we are at a very specific period of the Universe at
which the vacuum starts to dominate the density of the Universe. For instance
at the typical redshift of distant supernovae (z ∼ 0.5) the cosmological con-
stant is not dominant any more over matter density. At redshift z ∼ 1., the
matter density parameter is already Ωm ∼ 0.75. So that supernovae hunters
[7, 8] were lucky enough that the acceleration was not so obvious that it
will have been noticed from first cosmological observations, and that still the
cosmological constant is not small enough to have escape observational de-
tection! Whether this argument is a valid concern or not is certainly subject
to discussion, but it should be remembered that this type of concern leads to
one of the original argument in Guth’s paper [4] to advocate inflation.

3 Quintessence

One of the physically motivated alternatives to the cosmological constant
is known as quintessence. In this scenario it is assumed that a scalar field
is actually dominating the density of the Universe [6, 12]. No better idea
has been produced since, and the quintessence scenario is very popular, as
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Fig. 2. 1, 2, 3 σ contours in the planes H0, ΩM and wQ, H0 from combining cos-
mological constraints including the Archeops CMB data [1].

being the only reasonable explanation of the acceleration of the Universe.
The density of an homogenous scalar field is given by:

ρQ =
1
2
Φ̇2 + V (Φ) (3)

while the pressure is:

pQ =
1
2
Φ̇2 − V (Φ) (4)

Such a field allows an arbitrary equation of state:

pQ = w(z)ρQ (5)

which is specified once the potential V (Φ) is given. Usually, −1 ≤ w, although
the region w < −1 is not forbidden. If w < −1/3 the expansion is accelerating.
However, the various cosmological constraints (HST Hubble constant, Hubble
diagram of distant supernovae, CMB, amplitude of matter fluctuations from
clusters) allow to set severe constraints on this type of scenario, as shown
on Fig. 2 [1]. The addition of the new WMAP data results in only a slight
improvement [10]. This is an illustration of the fact that the standard scenario
is very tightly constrained by existing data of cosmological relevance.

4 Casting Doubts on the Concordance Model

However, most of observational constraints used are subject to either some
doubts from an observational point of view or to different interpretation when
some simple hypotheses are relaxed. Moreover the concordance model con-
flicts with the observed abundance of high redshift clusters as analyzed in
[2]. Probably the most important point is to remember that the CMB fluc-
tuations, as observed by WMAP, do not require the introduction of a cos-
mological constant provided that the single power law assumption is relaxed.
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Fig. 3. Same contours than in figure 1, but after shifting the magnitude of distant
SNIa (> 0.15) by ±0.3 mag.

Furthermore, the introduction of a additional small amount of dark matter,
ΩDM ∼ 0.1, which does not cluster on small scale, like massive neutrinos
with mν ∼ 1 eV or quintessence with w ∼ 0, allows to reproduce the matter
amplitude (σ8 ∼ 0.55 for ΩM = 1); such models then reproduce large scale
structure data as well as a concordance model. One may consider that such
a model is not as simple as the concordance, but there is some subjectivity
in such an appreciation. One can alternatively consider that the introduction
of a cosmological constant is extremely ugly.

4.1 Concerns with the Interpretation
of Supernovae Hubble Diagram

It is important to remember that the only direct evidence for an accelerating
Universe comes from the observational fact that distant supernovae appear
fainter than those observed at low redshift. The amplitude of this dimming
is not large: the signal is between 0.3 and 0.5 mag. Let us examine two possi-
ble concerns here: dust extinction [9] and selection biases. A first surprising
result is that the High Z team found a couple of distant supernova with
B − V ∼ −0.2 the average being clearly bluer than their low redshift coun-
terpart [5]. At first, this could be interpreted as an indication that distant are
less dusty. As the color indices differ by something of the order of 0.1 mag, it
would mean that distant SNIa are ∼ 0.3− 0.5 intrinsically brighter, pushing
cosmological density parameter down to zero (see Fig. 2). However, the re-
cent observation of [11] indicates no clear statistical difference in the average
color of distant supernovae. Furthermore, local supernovae are never as blue
as those present in the High Z team sample, even when their dust content
is estimated to be zero. This therefore suggests a color evolution which is
compensated by a larger dust extinction. So the apparent identical color hide
a large dust extinction. This would therefore imply that intrinsic evolution
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is hiding the greater dust obscuration. This is possible without requiring an
exact cancelation given the large dispersion of existing data on SNIa. In such
a case distant SNIa might well be fainter because of a larger dust extinction
and not because of cosmological dimming. Assuming that SNIa with z > 0.15
are dimmed by 0.3 mag by such a process essentially cancel the need for a
non-zero cosmological constant (see Fig. 3). Finally let us turn to the possible
selection biases. One is first concerned by the fact that distant supernovae
might be affected by the standard Malmquist bias:

∆m ≈ 1.4σ2 (6)

Estimation of the amplitude of this bias is generally performed on the
basis of the intrinsic dispersion of the luminosity after correction of the cor-
relation between light curve and intrinsic luminosity. Taking a more conser-
vative point of view and using the dispersion of the population implies that
the amplitude of the possible bias could be:

∆m ≈ 1.4(0.3 − 0.5)2 ≈ 0.125 − 0.35 (7)

meaning that selection bias could be a real concern. At first look it seems
that this bias if affecting the distant supernovae, would imply that the average
population is intrinsically fainter. However, the procedure to identify distant
SNIa is such that the correlation between peak magnitude and magnitude
detection is small, therefore distant supernovae are likely to be weakly affected
by this bias while local supernovae are more probably affected [7]. Again this
would mean that distant SNIa appear fainter just because of selection biases,
not because of cosmological dimming.

5 Conclusions

As we have summarized, although the concordance model is certainly the sim-
plest way to reproduce a large set of existing data of cosmological relevance,
direct evidence for the existence of cosmological constant is only coming from
Supernovae Hubble diagram of SNIa, with a signal which is of the order of
the intrinsic dispersion of the population. This means that moderate biases
or/and astrophysical effects may significantly alter the significance of this
result.
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Summary. We discuss observational constrains coming from supernovae Ia im-
posed on the behavior of the Randall-Sundrum models. It is interesting that brane
models predict brighter galaxies for such redshifts which is in agreement with the
measurement of the z = 1.7 supernova. We also demonstrate that the fit to su-
pernovae data can also be obtained, if we admit the “super-negative” dark energy
p = −(4/3)� on the brane, where the dark energy in a way mimics the influence of
the cosmological constant.

1 Introduction

In recent times a lot of effort has been done on the idea that our Universe is a
boundary of a higher-dimensional spacetime manifold [1]. Among superstring
theories which may unify all interactions M-theory is a strong candidate for
description of the real world. In this theory, gravity is a higher-dimensional
theory, becoming effectively 4-dimensional at lower energies. In the standard
model matter fields are confined to the 3-brane while gravity can, by its
universal character, propagate in all extra dimensions. In the brane world
models inspired by string/M theory [3, 4] new two parameters are introduced,
namely brane tension λ and dark radiation U .

We should mention that before Randall and Sundrum (R-S) work [3, 4],
where they proposed a mechanism to solve the hierarchy problem by a small
extra dimension, large extra dimensions were proposed to solve this problem
[1]. This gives an interesting feature because TeV gravity might be realistic
and quantum gravity effects could be observed by next generation particle
colliders. The Newtonian gravity potential on the brane is recovered at lowest
order V (r) = GM

r (1 + 2l2

3r2 ).
In this paper we demonstrate that if the brane world in the R-S version

is realistic, we may find some evidence of higher-dimensions.

2 Brane Universes

In [7] we gave the formalism to express dynamical equations in terms of di-
mensionless observational density parameters Ωi. In this notation the Fried-
man equation for brane universes takes the form:
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1
a2

(
da

dt

)2

=
Cγ

a3γ
+

Cλ

a6γ
− k

a2
+

Λ(4)

3
+

CU
a4

, (1)

where a(t) is the scale factor, k = 0,±1 the curvature index (here we use
natural system of units in which 8πG = c = 1), Λ(4) the 4-dimensional
cosmological constant, and γ the barotropic index (p = (γ − 1)� (p = the
pressure, � = the energy density). The constants are Cλ = 1/6λ · a6γ�2 and
CU = 2/λ · a4U ; Cλ comes as a contribution from the brane tension λ, and
CU as a contribution from the dark radiation.

Because the ρ2 term and dark radiation term do not appear in the stan-
dard cosmology, such terms could provide a small window to see the extra
dimensions. It is useful to rewrite Eq. 1 to the dimensionless form. The brane
universe can be interpreted as the standard Universe filled with the mixture
of matter with the equation of state pi = (γi − 1)ρi. Then we obtain a basic
equation in the form:

ẋ2

2
=

1
2
Ωk,0 +

1
2

∑
i

Ωi,0x
2−3γi = −V (x) (2)

ẍ = −1
2

∑
i

Ωi,0(2 − 3γi)x1−3γi = −∂V (x)
∂x

(3)

where i = (γ, λ, Λ, U), and x ≡ a
a0

, T ≡ |H0|t, ˙ ≡ d
dT , t is the original

cosmological time, and V is the potential function. Therefore the dynamics
of the considered model is equivalent to introducing fictitious fluids which
mimic the ρ2 contribution and the dark energy term.

The above relations allow one to write down an explicit redshift-magnitude
relation for the brane models to study their compatibility with astronomical
data which is the subject of the present paper. Obviously, the luminosity
of galaxies depends on the present densities of the different components of
matter content, Ωi, and their equations of state reflected by the value of the
barotropic index, γi.

If the apparent luminosity of the source as measured by the observer is
l = L/4πd2

L, then the luminosity distance dL of the source is defined by the
relation

dL = (1 + z)a0r1 ≡ DL(z)
H0

, (4)

and DL is the dimensionless luminosity distance.
The observed and absolute luminosities are defined in terms of K-corrected

apparent and absolute magnitudes m and M . When written in terms of m
and M , we obtain

m(z) = M + 5 log10[DL(z)], (5)
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Fig. 1. The Redshift-magnitude relation for γ = 1 brane universes (dust on the
brane). The top line is the best-fit Perlmutter model. The bottom line is a flat model
with Ωm,0 = 1. Between these two lines there are brane models with Ωλ,0 �= 0:
lower–the best-fit non-flat model; higher–the best-fit flat model.

where M = M−5 log10 H0+25. For the homogeneous and isotropic Friedman
models one gets

DL(z) =
(1 + z)√K S(χ) (6)

where S(χ) = sinχ for K = −Ωk,0; S(χ) = χ for K = 1; S(χ) = sinh for
K = Ωk,0. The dimensionless parameters are Ωk = − k

H2a2 , Ωγ = 1
3H2 �,

Ωλ = 1
6H2λ�2, ΩΛ(4) = Λ(4)

3H2 , and ΩU = 2
H2λU .

3 Testing Brane Models

Now we test brane models using the Perlmutter sample [2]. In order to avoid
any possible selection effects, we use the full sample called sample A (usually,
one excludes two data points as outliers and another two points, presumably
reddened, from the full sample of 60 supernovae).

First of all, we estimated the value of M from the sample of 18 low redshift
supernovae, also testing our result by the full sample of 60 supernovae. We
should note that, in fact, we have an ellipsoid of admissible models in a three-
dimensional parameter space Ωm,0, Ωλ,0, ΩΛ(4),0 at hand. Then, we have more
freedom than in the Perlmutter et al. [2] analysis where they had only an
ellipse in a two-dimensional parameter space Ωm,0, ΩΛ(4),0. For a flat model
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Ωk,0 = 0 we obtain “corridors” of possible models. Formally, the best-fit flat
model is Ωm,0 = 0.01, Ωλ,0 = 0.09 χ2 = 94.7 which is again unrealistic.
In the realistic case we obtain for a flat model Ωm,0 = 0.25, Ωλ,0 = 0.02,
ΩΛ(4),0 = 0.73 with χ2 = 95.6. One should note that all realistic brane
models require also the presence of the positive 4-dimensional cosmological
constant (ΩΛ(4),0 ∼ 0.7).

In Fig. 1 we present plots of the redshift-magnitude relation against the
supernovae data. One can observe that in both cases (best-fit and best-fit flat
models) the difference between brane models and a flat model with ΩΛ(4),0 =
0 is largest for 0.6 < z < 0.7 while it significantly decreases for the higher
redshifts. It gives us a possibility to discriminate between the Perlmutter
model and brane models when the data from high-redshift supernovae z > 1
are available. It is interesting that brane models predict brighter galaxies for
such redshifts which is in agreement with the measurement of the z = 1.7
supernova [5, 6]. In other words, if the distant (z > 1) supernovae were
brighter, the brane universes would be favored.

For completeness, we also made our analysis using samples B and C.
It emerged that it does not significantly changes our results, although it
increases the quality of the fit.

Formally, the best fit for the sample B is (56 supernovae) (χ2 = 57.3):
Ωk,0 = −0.1, Ωm,0 = 0.17, Ωλ,0 = 0.06, ΩΛ(4),0 = 0.87. For the flat model
we obtain (χ2 = 57.3): Ωm,0 = 0.12, Ωλ,0 = 0.06, ΩΛ(4),0 = 0.82, while for a
“realistic” model we obtain (χ2 = 57.6): Ωm,0 = 0.25, Ωλ,0 = 0.02.

Formally, the best fit for the sample C (54 supernovae) (χ2 = 53.5) gives
Ωk,0 = 0 (flat) Ωm,0 = 0.21, Ωλ,0 = 0.04, ΩΛ(4),0 = 0.75, while for a “realis-
tic” model (χ2 = 53.6): Ωm,0 = 0.27, Ωλ,0 = 0.02.

One should note that we have also separately estimated the value of M
for sample B and C. We obtained M = −3.42. However, if we use this value
in our analysis it does not change significantly the results (χ2 does not change
more than 1, which is a marginal effect for χ2 distribution for 53 or 55 degrees
of freedom).

In Fig. 2 we present a redshift-magnitude relation for brane models with
dark energy (γ = −1/3). Note that the theoretical curves are very close to
that of Perlmutter’s which means that the dark energy cancels the positive-
pressure influence of the �2 term and can simulate the negative-pressure
influence of the cosmological constant to cause cosmic acceleration. From
the formal point of view the best fit is (χ2 = 95.4): Ωk,0 = 0.2, Ωd,0 = 0.7,
Ωλ,0 = −0.1, ΩU = 0.2, ΩΛ(4),0 = 0, which means that the cosmological
constant must necessarily vanish. From this result we can conclude that the
dark energy p = −(4/3)� can mimic the contribution from the Λ(4)-term in
standard models. For the best-fit flat model (Ωk,0 = 0) we have (χ2 = 95.4):
Ωd,0 = 0.2, Ωλ,0 = −0.1, ΩU = 0.2, ΩΛ(4),0 = 0.7.

Finally, let us study the angular diameter test for brane universes. The
angular diameter of a galaxy is defined by
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Fig. 2. The redshift-magnitude relation for γ = −1/3 brane universes (phantom
on the brane). The top line is the Perlmutter model and the bottom line is the
Einstein-de Sitter model. In the middle are two overlapping lines for the best-fitted
and best-fitted flat brane models.

θ =
d(z + 1)2

dL
, (7)

where d is a linear size of the galaxy. In a flat dust (γ = 1) universe θ
has the minimum value zmin = 5/4. The dark radiation can enlarge the
minimum value of θ while the ordinary radiation lowers this value zmin =
(ΩU − 1 +

√
3ΩU + 1)/2U ≥ 5

4 for ΩU ≤ 0. This is a general influence of
negative dark radiation onto the angular diameter size for brane models.

More detailed analytic and numerical studies show that the increase of
zmin is even more sensitive to negative values of Ωλ,0 (�2 contribution). Sim-
ilarly as for the dark radiation ΩU , the minimum disappears for some large
negative Ωλ. Positive ΩU and Ωλ make zmin decrease.

Finally, we also obtain that at high redshifts the expected luminosity of
supernovae Ia should be brighter than in Perlmutter model. For the best fit
value we obtain Ωλ,0 � 0.01 which seems to be unrealistic.

This occurs because, in the R-S model, there is a constraint on the param-
eter Ωλ,0 from the requirement of not violating the four-dimensional gravity
on sufficiently large spatial scale. This constraint requires that the value of λ
is less than about (100 GeV)4, which means that during the late epoch the ρ2

term in the model should be small. Thus, the obtained value of Ωλ,0 ∼ 0.01 is
the observational limit which is not based on theoretical model assumptions.
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Summary. Using the definitive reductions of the IUE light curves by [15] and
an extensive set of HST images of SN 1987A we have repeated and improved
our original analysis [8, 9] to derive a better determination of the distance to the
supernova. In this way we have obtained an absolute size of the ring Rabs = (6.23±
0.08)×1017 cm and an angular size R′′ = 808±17 mas, which give a distance to the
supernova d(SN1987A) = 51.4±1.2 kpc and a distance modulus (m−M)SN1987A =
18.55 ± 0.05. Allowing for a displacement of SN 1987A position relative to the
LMC center, the distance to the barycenter of the Large Magellanic Cloud is also
estimated to be d(LMC) = 51.7±1.3 kpc, which corresponds to a distance modulus
of (m − M)LMC = 18.56 ± 0.05.

1 Introduction

Cepheid variables are possibly the most reliable, and certainly the most
widely used secondary distance indicators to measure distances up to sev-
eral tens of Mpc. Because of this they play a crucial role in the determina-
tion of the cosmological distance scale (for a review see the proceedings of
the STScI Symposium The Extragalactic Distance Scale, [6]). On the other
hand, the calibration of Cepheids as distance indicators is based on the study
of Cepheid variables in the LMC and, therefore, determining the distance to
the Large Magellanic Cloud is a fundamental step in establishing a cosmo-
logical distance scale because the zero point of the Cepheid calibration relies
crucially on the calibration of the LMC distance.

Various methods have been employed to measure the distance to the LMC,
with various degrees of success and/or accuracy (e.g., [7]). All methods, how-
ever, are indirect in that they all depend on the calibration of other distance
indicators, and, therefore, have only a statistical value. Moreover, different
distance indicators appear to give discordant results that are not compatible
with each other, thus making the distance issue very slippery.

The presence of the famous circumstellar ring around SN 1987A has pro-
vided a unique opportunity to determine the distance to the LMC directly by
using a purely geometric method: it consists in measuring the angular size of
the ring from high resolution images and comparing it to the absolute size as
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Fig. 1. An 8′′ × 8′′ region centered on SN 1987A as observed on September 24,
1994, with the HST-WFPC2 in an [OIII] 5007 Å filter. In addition to the supernova,
this figure shows clearly the presence of the three circumstellar rings, a brighter
equatorial ring and two fainter, larger rings that are loosely aligned along the polar
axis.

estimated from the evolution of emission lines produced by the ring ionized
gas (see, e.g., [1, 2, 8, 9]).

In 1991 Panagia et al. [8, 9] estimated the distance to SN 1987A (51.2 ±
3.1 kpc) from a comparison of the angular size of the inner circumstellar ring
as measured with the HST-FOC in August 1990 [5], with the ring absolute
size as determined from the peaks of its UV emission line light curves.

More recently, Gould re-examined the problem adopting an infinitely nar-
row ring geometry and retaining Panagia et al. [8, 9] assumption of an ex-
ponential law for the line emissivity [2, 3]. Thus, using the same data as in
Panagia et al. [8, 9] and Sonneborn et al. [15], respectively, but including only
the NIV] and NIII] light curves, and adopting the average [OIII] ring size as
measured by Plait et al. [11] over the period August 1990 – May 1993, Gould
concluded that the distance to SN 1987A be less than 47 kpc.

The new reductions of the IUE spectra, done by Sonneborn et al. [15],
have produced more accurate and reliable light curves. Therefore, we have
decided to repeat our analysis using the new data set and including a more
accurate and realistic estimate of the ring angular size obtained from the
study of an extensive set of HST images of SN 1987A. Here, we present a
brief outline of our analysis and the main results of our study. A complete
account of this work will be presented in a forthcoming paper [10].
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Fig. 2. The surface brightness averaged radius of the ring as measured in FOC and
WFPC2 images taken with a narrow band [OIII] filter, and the recent measurements
made with the STIS in the light of the [OIII] 5007 Å and [OI] 6300 Å lines [16]. The
two straight lines are the best fits to the FOC+WFPC2 points only, and to the
FOC+WFPC2+STIS [OIII] sizes, respectively. The error bar represents the range
of possible values of the radius at the time of the UV maximum.

2 The Angular Size of the Ring

The inner circumstellar ring is clearly extended with a HPW of about 1/7
its radius (e.g. [5, 10]). The finite width of the ring makes the definition of
an average size a very delicate one, which, if done improperly, may introduce
errors as large as, say, half the HPW, i.e. as much as 7% or more.

Also, to derive the distance to SN 1987A one should compare the absolute
ring size, determined from the light curves of twice ionized N and C and three
times ionized N, with the angular size of the ring as measured at the time of
the peak for radiation emitted by ions of comparable ionization stages.

While the images obtained with HST in the [OIII] line filter (see e.g.
Fig. 1) satisfy the second requirement (comparable ions), they fail to satisfy
the first one (comparable epochs). On the other hand, the analysis of both
FOC and WFPC2 images have revealed that the ring angular size, as esti-
mated from [OIII] images, appears to increase with time ([10, 11]; see Fig. 2)
while the one derived from Hβ and [NII] images remains constant in time and
virtually coincides with the size measured in the earliest [OIII] image. This is
the effect of both cooling and recombination of the OIII ion, that cause the
[OIII] 5007 Å line intensity to decline more quickly at the inner edge of the
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ring where the density is believed to be higher. An experimental confirmation
of this effect is provided by HST-STIS imaging-spectroscopy of SN 1987A,
obtained in April 1997 [16], that has shown an appreciably smaller ring size
in the [OI] 6300 Å line than it is in the [OIII] 5007 Å line.

Therefore, the best value of the ring angular size to compare with the
absolute size determined from the UV lines is an extrapolation of the observed
sizes, as measured with HST in the [OIII] 5007 Å filter, back to the epoch of
maximum UV line emission (approximately 400 days after the explosion, i.e.
around early April 1988; cf. Fig. 3). In this way we obtain:

R′′ = 808 ± 17mas .

3 The Absolute Size of the Ring

It has been shown [1, 2, 8, 9] that under the assumption of an infinitely narrow
width the absolute radius of the ring can be derived from measurements of
the onset time of the UV line emission, t◦, and the time of maximum UV line
emission tmax because they correspond to the times when the near side and
the far side of the ring start shining as a result of the ionization due to the
initial UV flash from the supernova explosion. A simple geometric argument
gives

R = c(t◦ + tmax)/2 .

As mentioned before, one has to measure the absolute size for the same
emitting ion for which one can measure the angular size. In addition, one
has also to take into account that the ring is clearly extended with a width
δR � R/7. Therefore, we have limited our analysis to the UV light curves of
twice ionized ions, namely OIII, NIII and CIII, and we have compared them
to theoretical light curves computed under the following assumptions:

– The ring is circular and has a Gaussian width with HPW of 14% the ring
radius.

– The intrinsic emission of each ion decays exponentially with time.
– The free parameters are the radius and the inclination angle of the ring,

the specific emissivity at time t = 0 and the decay time of each line.

The best fits to the light curves for the OIII] 1666 Å, NIII] 1750 Å, and
CIII] 1909 Å lines are shown in Fig. 3.

We also show the composite light curve, sum of the OIII], NIII] and CIII]
line intensities, and its best model fit: we note that the scatter in the com-
posite light curve is greatly reduced relative to the three light curves, indi-
cating that most of the fluctuation is actually noise. The individual deter-
minations of the absolute radius fall in the range 230 to 248 light-days, or
6.0 to 6.4× 1017 cm, with uncertainties of about 4% for OIII] and CIII], and
slightly above 1% for NIII], resulting in an average value of

R = (6.23 ± 0.08) × 1017 cm .
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Fig. 3. The observed intensities (in units of 10−15 erg cm−2 s−1) of the OIII] 1666 Å,
NIII] 1750 Å, and CIII] 1909 Å lines and their straight sum are presented and com-
pared to their best-fit model light curves.

4 Distance Determination

Comparing the absolute size of the circumstellar ring to its angular size, we
derive a distance to SN 1987A

d(SN1987A) = 51.4 ± 1.2 kpc (m − M)SN1987A = 18.55 ± 0.05 .

This value is very close to our original determination [8, 9] but is consid-
erably more accurate. Actually, it could still be an underestimate to the true
distance to SN1987A, because if the ring is not perfectly circular, as hinted
by the marginal discrepancy between the inclinations determined from light
curve fitting (i � 42◦) and from the major to minor axis ratio (i � 44◦), then
the distance may have to be increased by as much as 2% [3].

Allowing for the difference of position of SN 1987A relative to the LMC
barycenter [17] the best estimate of the distance to the center of mass of the
LMC is found to be
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Table 1. Summary of SN 1987A distance determinations based on UV line light
curves and HST imaging

Authors Emission Lines/Ions tmax R′′ (m-M)
days mas SN 1987A

Prelim. IUE reductions

Panagia et al. 1991 [8, 9] NIII], NIV], NV, CIII] 413 ± 24 825 ± 17 18.55 ± 0.13
Gould 1995 [2] NIII], NIV] 390 ± 2 858 ± 11 18.35 ± 0.04

Final IUE reductions

Sonneborn et al. 1997 [15] NIII] 399 ± 15 858 ± 11 18.43 ± 0.10
Gould & Uza 1998 [3] NIII], NIV] 378 ± 5 858 ± 11 18.37 ± 0.04
Panagia et al. 2003 [10] NIII], CIII], OIII] 395 ± 5 808 ± 17 18.55 ± 0.05

d(LMC) = 51.7 ± 1.3 kpc (m − M)LMC = 18.56 ± 0.05 .

The error includes the uncertainties on the SN1987A distance (±1.2 kpc)
as well as those on the depth toward SN 1987A (±0.2 kpc) and the relative
position of the LMC barycenter (±0.3 kpc).

5 Discussion and Consequences
for the Cosmological Distance Scale

In the literature one finds a number of determinations of SN 1987A distance
which are all based on the analysis of UV line light curves and HST imaging
but provide values that may be quite discrepant with each other. Table 1
summarizes most of the “independent” analyses of such data, listing the
authors (column 1), the emission lines considered (column 2), the derived
time of the onset of the far side emission (column 3), the adopted/measured
angular size of the ring (column 4) and, finally, the resulting distance modulus
(column 5).

One sees immediately that most of the discrepancy can be attributed to
the different angular size adopted and/or to the selection of UV emission
lines that were employed to estimate the absolute size.

In particular, the “high” value of the angular size, 858 mas, is the average
of the sizes measured by [11] on FOC images taken mostly with the [OIII]
filter between August 1990 and October 1993. Since the apparent size of
the ring increases with time, such an average represent a gross overestimate
(about 6%) of the ring size at the time of the UV maximum which leads to an
underestimate of the distance modulus of 0.13 magnitudes: this effect alone
accounts for most of the discrepancies.

The second point to consider is the time of the far side emission onset,
tmax. As mentioned in Sec. 2, light curves of different ions give different values
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of tmax. This is due to both measurement uncertainties and physical effects,
such as:

– different ions recombine at different rates;
– different lines react faster or slower to a general temperature decline, i.e.

cooling, depending on their excitation potential;
– the ring is made of a multitude of condensations with a wide range of

densities and temperatures, with the effect that intrinsic, and possibly
large fluctuations add on top of the measurement errors to distort the
average behavior of light curves.

To minimize these effects, one has to combine the results of as many light
curves as possible but selecting only of ions with similar characteristics, which
is what we have done in our study.

The conclusion is that all apparent discrepancies can be explained in terms
of less-than-perfect selections of the data to compare with each other.

Our geometric determination of the LMC distance modulus is in excellent
agreement with the recent determinations by Romaniello et al. [13] that are
based on a study of both Red Clump stars and TRGB stars measured in
multi-band HST images of SN 1987A field. In particular, they obtained (m−
M)RC = 18.59 ± 0.04 ± 0.08 and (m − M)TRGB = 18.69 ± 0.25 ± 0.06 (the
quoted errors are the statistical and systematic ones , respectively), whose
weighted average is < (m − M) >LMC field= 18.60 ± 0.04 ± 0.08.

It is apparent that the true LMC distance modulus must be around 18.60
and that values lower than 18.48 and higher than 18.72 are to be excluded
with high confidence.

The main consequence of our distance determination is that all Cepheid
distances based on the canonical value of 18.50 for the LMC (e.g., [7]) should
be increased by about 3%. And, of course, all values of H0 based directly or
indirectly on Cepheid distances should be reduced by the same amount.

In this light, I like to assess the consequences for the determination of H0

based on a Cepheid calibration of the peak brightness of type Ia supernovae
(SNIa) relatively nearby (up to ∼25 Mpc) and comparison of Hubble diagrams
of more distant SNIa. In a long term HST project led by Sandage, Saha
and Tammann, 9 SNIa in spiral galaxies have been calibrated with Cepheid
variables, resulting in average absolute magnitudes for type Ia supernovae
MB = −19.47 ± 0.07 and MV = −19.46 ± 0.06 with the assumption of a
LMC distance modulus of 18.50 [14]. Entering these values into the Hubble
diagram of more distant SNIa leads to values of the Hubble constant around
H0 = 61 ± 6 km s−1 Mpc−1 for an adopted cosmological model with ΩM =
0.3, ΩΛ = 0.7 [14].

As said above, the new LMC distance modulus would imply a reduced
value of the Hubble constant, by about 3%. However, one has to take into
account reddening corrections for distant supernovae in the Hubble diagram
(this problem was partly bypassed in Sandage et al. analysis by considering a
Hubble diagram that included only SNIa affected by little reddening) whose
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effect may increase the value of H0 by as much as +7% (see e.g. [4, 12]).
Combining the two competing effects in an approximate way results in a
Hubble constant of

H0 = 63 ± 7 km s−1 Mpc−1 .

Although it is obtained with a simplified analysis which can, and will be
refined, I regard this as a rather robust result that is not likely to change much
in the years to come, and that offers the pleasant feature of not violating any
constraint posed by old stars and the evolution of the Universe.
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