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Preface

Eta Carinae is well known to astronomers for its many superlatives. It is the most
massive, most luminous star in our region of the Milky Way. During its “Great
Eruption” 170 years ago it ejected 10 M� or more, creating its famous Homunculus
Nebula. We now know that its Great Eruption was the energetic, non-terminal
explosion of a very massive star nearing the end of its short life. But η Car and
its Great Eruption may not be unique, some weird event, only observed once.

In 1965 Fritz Zwicky proposed a class of supernova events he called “Type V”,
relatively faint at maximum with long durations. There were only two members of
his Type V group, η Car and SN1961v. These stars were not true supernovae and
today we recognize several stars that had giant eruptions in which they increase
their total luminosity and become bright enough to be mistaken for underluminous
supernovae. In addition to η Car, examples include SN1961v, SN1954j, P Cyg
400 years ago, V1 in N2363 and probably the “Pistol star” near the Galactic
Center. The modern supernova surveys are producing a growing list of sub-
luminous outbursts from objects in other galaxies. These “supernova impostors”
are apparently very massive stars undergoing eruptions similar to η Car and other
unstable stars such as the Luminous Blue Variables (LBVs). Hence the title of this
book. These stars are very rare, however, and most have been observed only sparsely.

The most massive stars are at the intersection of several critical areas of
modern astrophysics including the chemical evolution of galaxies via their high
mass loss episodes, as the likely progenitors of gamma-ray bursters and the most
luminous supernovae, and as candidates for the “first stars” in the Universe.
Extremely luminous supernovae, like SN2006gy, may be the terminal explosions
of very massive stars surrounded by extensive circumstellar material from previous
eruptions. The role of high mass loss events like that of η Car on the pre-supernova
state of these stars is clearly of increasing interest in astrophysics.

Our understanding of this remarkable object has benefited from the work
and insight of numerous astronomers over the past century many of whom are
now deceased. Due to the limitations on the size of this volume, it was not
possible to invite all current researchers for a contribution. The editors therefore
gratefully acknowledge the contributions of Patricia Whitelock and Michael Feast,

vii



viii Preface

Chris Sterken and Antonin Van Genderen, Roberto Viotti, Augusto Damineli, Ted
Gull, John Meaburn, Otmar Stahl, Noam Soker, and Bob Gehrz.

The contributed chapters in this volume provide a comprehensive review of η
Car, including its Great Eruption, historical evolution and recovery, its wind and
ejecta and its relation to other very massive unstable stars, the origin of their
instabilities and eventual fate. The contributions are written by experts in their
fields and hence are intended for professional astronomers, graduate students in
astrophysics, and physicists interested in the final stages of stellar evolution. These
reviews are based on the most recent observations from space and ground-based
telescopes and the current state of our theoretical understanding, nevertheless, we
must emphasize that η Car never ceases to surprise us.

Minneapolis, MN Kris Davidson
Roberta M. Humphreys
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Chapter 1
Eta Carinae: From 1600 to the Present

Roberta M. Humphreys and John C. Martin

Abstract In this introductory chapter we review η Car’s historical photometric and
spectroscopic record with emphasis on its recovery from its Great Eruption and
important recent advances in our understanding of the most massive, most luminous
star in our corner of the Milky Way.

1.1 Introduction

Eta Carinae is famous for its many superlatives as the most luminous, most massive
star in our region of the Milky Way and for its “Great Eruption” from 1837 to 1858
that formed its bipolar “Homunculus” nebula. η Car is also our closest example of a
supernova impostor.1 The Great Eruption and continuing instability during η Car’s
recovery provide us with a remarkable opportunity to study close-up one of the most
massive stars known during the final stages in its evolution; a star that may be in a
pre-supernova state. Throughout this volume, however, we emphasize that η Car is
not some bizarre, unique, or extreme case in stellar evolution. There are numerous
very massive stars in our galaxy, some rivalling η Car in brilliance, even in its own
neighborhood, and many that show evidence for instabilities. In Fig. 1.1, we show a
schematic HR Diagram illustrating η Car’s relation to the massive star population in
general, to other extremely luminous stars, and to stars famous for their instabilities.

1See Chap. 11.
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2 R.M. Humphreys and J.C. Martin

Fig. 1.1 A schematic HR Diagram showing the zero-age main sequence, the empirical upper
luminosity boundary with the locations of η Car (its wind), selected LBVs (blue), luminous red
supergiants (red) and intermediate-type hypergiants (green). The horizontal lines represent the
apparent transits in the HRD during their optically thick wind state or “eruptions”

1.2 The Great Eruption and Recovery 1837–1955

Because of its location in the Southern sky, the first historical record of η
Car doesn’t appear until about 1600 (Bayer’s Atlas (1603), Halley (1677), Noel
(1685–1689), see Innes [53]). In those days it was known as η Argus and up until the
early 1800s it was usually reported as a fourth or second magnitude star, although
Frew [37] has suggested that instead of fluctuations between these two states, the
star was gradually brightening from 1600 to ∼1800. The observational record shows
that it had definitely reached second magnitude by about 1800. Between 1820 and
1830 it began to show more variability, and may have been in an enhanced mass loss
state when it oscillated between second and first magnitude for 10 years or more
before the Great Eruption. Figure 1.2 shows the light curve from 1600 to 1900.2

Based on what we now know about η Car and the Luminous Blue Variables (LBVs),
Davidson and Humphreys [24] suggested that the pre-eruption variability may have
been due to shifts in apparent temperature of the star’s wind or envelope, typical of

2The pre-1900 light curves included in this paper are based, for the most part, on the compilation
by Innes [53] converted to modern magnitudes as described by de Vaucouleurs and Eggen [31].
Also see the recent discussion by Frew [37] and Smith and Frew [89].
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Fig. 1.2 The historical light curve from 1600 to 1900 (From Humphreys et al. [51])

LBV or S Doradus-type variability,3 not to actual changes in luminosity. Beginning
in late 1837, η Car rapidly brightened much more, to zero apparent magnitude and
even brighter.

1.2.1 The Great Eruption 1837–1858

In 1838 Herschel [45] reported that η Car rapidly brightened from near first
magnitude to brighter than zero apparent magnitude. It reached apparent magnitude
∼−1 in 1843 and again in late 1844 – early 1845 (see Fig. 1.3), and was the second
brightest star in the sky. It then oscillated near zero magnitude for several more years
until by 1858 it had faded back to a first magnitude star. Frew [37, 89] has recently
identified additional photometry from this period for a more complete record of its
variability during the eruption. The expanded light curve at the time of the Great
Eruption (Fig. 1.3) shows evidence for considerable instability with oscillations on
the order of a magnitude or more in only a few weeks. It is also remarkable that it
stayed at or near zero apparent magnitude for 20 years and that it actually increased
its total luminosity.

Eta Car’s present luminosity of 106.7 L� or Mbol = −12 mag is well deter-
mined from its spectral energy distribution that peaks in the thermal infrared
(see Sect. 1.3.1) and its distance of 2,300 pc.4 When it was zero apparent magnitude
during the eruption, its absolute visual brightness was Mv ≈ −13.5 mag, assuming
a total visual extinction Av of 1.7 mag from its membership in the cluster Tr 16 and
no significant circumstellar extinction at that time. Davidson [19] showed that with

3See Chap. 10.
4See Chap. 2 for a review of its distance and foreground extinction.



4 R.M. Humphreys and J.C. Martin

Fig. 1.3 The Great Eruption circa 1838–1858 based on magnitudes in Frew [37] and Smith and
Frew [89]. There are no recorded magnitudes from 1838 to 1841

extremely high mass loss, the temperature of the optically thick wind formed during
an eruption would approach a minimum at ∼6,500 K. By comparison with LBVs
in eruption, η Car’s apparent temperature was probably cooler than normal LBVs
and its bolometric correction near zero. Rest at al. [78] have recently reported the
discovery of the ‘light echo’ from η Car’s Great Eruption with an absorption line
spectrum similar to an early G-type star.

During the eruption, its total luminosity was thus Mbol ≈−13.5 mag or 107.3 L�,
and when η Car briefly reached apparent magnitude −1 in 1843 and in 1844–1845,
it would have been −14.5 mag. It thus increased its total luminosity by a factor of 10
during the Great Eruption. With this luminosity and temperature, η Car’s apparent
photosphere or optically thick wind would have been ≈10 A.U, or more in radius.
It total luminous energy during the 20 year eruption was on the order of 1049.7 ergs
and for comparison, its kinetic energy was also ∼1049.7 ergs (Sect. 1.3.3).

Eta Car began to slowly fade after 1850, and beginning in 1858 it declined more
rapidly reaching a minimum near 7.5 apparent magnitude by 1880. We now know
that it formed dust probably during or soon after its eruption, but we do not know
if the initial fading was due to dust or if the dust formed after the cessation of the
outburst. The dust formation zone for η Car is ≈200–600A.U. With an expansion
velocity of ∼600 km s−1 [12, 70, 83], the ejecta would have reached this distance in
≈10 years. Thus circumstellar dust should have begun to form prior to the observed
decline, and the eruption may have actually continued after 1858. The exact time
when the eruption ended is not clear from the light curve. Humphreys et al. [51]
however point out a brief period in the early 1860s when its apparent brightness
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changed very slowly, if at all, at about third magnitude, resembling a shoulder
or plateau on its decline, which may signal the end of the actual eruption. It had
probably ended, though, by 1869 when Le Sueur [58] described an emission line
spectrum.

1.2.2 Post Eruption

We know very little about the state of the star soon after the Great Eruption. For
this reason, Le Sueur’s [58] visual observation about 10 years later is especially
intriguing. He described five emission lines, the Fraunhofer lines C (Hα), D,
“b group” and F (Hβ ) plus the “principal green nitrogen line”. The Fraunhofer
b group, due to Mg I absorption in the Sun (5167–5184Å), is very likely [Fe
II] 5158 Å and Fe II 5169 Å emission in η Car [105]. The “D” line is especially
interesting, because although Na I D is present today in η Car as a complex mix of
absorption and emission, it is not a strong emission line. Walborn and Liller [105]
suggested that it was actually He I 5876 Å, and if so, it had to be at least as strong
then as it is now. In current groundbased spectra, it is comparable in strength to
the [N II] 5755 Å line which apparently was not noticed by Le Sueur. They also
suggested that the “principal green nitrogen line” was due to [Fe II] λ 5018 because
of Le Sueur’s statement that is was not just an extension of the nebular emission
line, presumably [O III] λ 5007, across the spectrum of η Car. It is clear from the
text that this was a difficult observation, near the limit of what could be seen, so it is
possible that He I 5876 Å and other emission lines were much stronger then. As this
was only about 10 years after the Great Eruption during which η Car had thrown
off its entire outer envelope, we can only speculate about the origin of He I and the
other emission lines. They could have originated in a hot wind or even from what
was then the star’s photosphere.

1.2.3 The Second Eruption 1887–1895

Eta Car’s second or lesser eruption lasted about 7 years (1887–1895) with a
maximum at mV ≈6.2, about 1.5 magnitudes above its minimum. Agnes Clerke [8]
reported an absorption line spectrum with no “dark” i.e. emission lines, from a visual
observation in 1889. The first photographic spectra of η Car were obtained during
the second eruption as part of the Harvard Observatory objective prism survey. The
spectrum from June 1893 is of especially good quality and shows an early F-type
supergiant absorption line spectrum with emission lines of hydrogen, Fe II, and [Fe
II] that has been described by many authors [4, 6, 47, 105, 115]. Walborn and Liller
[105] provide a good reproduction of the original photographic spectrum, and a
digitized scan and extracted linear spectrum can be seen in Humphreys et al. [52].
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Fig. 1.4 The second or lesser eruption corrected for circumstellar extinction (From Humphreys
et al. [51])

Its visual brightening of ∼2 mag, a duration of several years, and an F-type
supergiant spectrum at maximum light from a slow, cool opaque wind or pseudo-
photosphere are typical characteristics of an S Doradus or classical LBV–type
eruption [50]. The absorption lines had a velocity of −180 km s−1 [115] relative to
the hydrogen emission lines indicative of an expanding envelope and consistent with
the comparatively slow winds in LBV eruptions. The hydrogen P Cygni absorptions
have a velocity of −300 km s−1 significantly slower than η Car’s current polar wind
[24,86], but comparable to the polar expansion velocity in the “Little Homunculus”
[54, 87], which was probably ejected in the 1890s eruption. The second eruption
was very similar to what we now describe as LBV eruptions or instabilities.5

The second eruption was not as minor as it may appear on the historical
light curve (Fig. 1.2). When corrected for a realistic estimate of the circumstellar
extinction at that time [51], the star’s apparent brightness would have been about
second magnitude (Fig. 1.4) and its expanded, cool envelope would have reached
∼6 A.U. We now know that the star also ejected about 0.2 M� of relatively slow
moving material in both the equatorial and the polar directions [28, 54, 87]. Thus
in both eruptions, η Car ejected mass with a bipolar structure, but the kinetic
energy in the lesser one was only 1046.9 ergs. Assuming that the star maintained a
near constant bolometric luminosity in the second eruption, like LBVs, its radiated
energy was 1048.6 ergs, significantly greater than the kinetic energy, but still an order
of magnitude less than in the Great Eruption.

The cause of this second outburst is not known, but the most likely explanations
for LBV-type eruptions include the opacity-modified Eddington limit, subphoto-
spheric gravity-mode instabilities, and a super-Eddington continuum-driven wind.6

5See Chap. 10.
6See Chaps. 10, 12, and reviews by Humphreys and Davidson [50] and Glatzel [42].
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The significant difference in the kinetic and radiant energies in the two eruptions
indicates that they were definitely on a different scale and may have had different
physical causes.

The F-type absorption lines had vanished by 1895 when the second eruption
had ended. Beginning with the observations in 1902, the spectra begin to show the
prominent emission line spectrum of hydrogen, [Fe II], and Fe II that is familiar in
all subsequent groundbased spectra of η Car.

1.2.4 Quiescence ∼1900–1941

The period from about 1900–1941 was one of relative quiesence for η Car. Its
apparent brightness was basically constant at ∼8th magnitude, and the spectra from
this period are remarkably alike [52]. But most importantly, the relatively strong
He I emission lines and high excitation emission lines of [Fe III] and [Ne III],
conspicuous in spectra today, were absent or very weak prior to 1944. Feast et al.
[33] noted that He I emission was not present in pre-1920 spectra. A quantitative
analysis of digitized scans of the Harvard objective prism spectra from 1902 to 1941
by Humphreys et al. [52] showed that the He I λ 4471 emission line was either very
weak or not present during that time. He I emission and the high excitation lines
of [Ne III] and [Fe III] were first reported in Gaviola’s spectral series [39] obtained
from 1944 to 1951. The lack or weakness of these lines implies a scarcity of UV
radiation prior to 1944 which could not be explained either by extinction due to dust
or an optically thick wind from η Car [52]. See the Chap. 3 for more discussion of
a possible explanation.

1.2.5 The Spectroscopic/Photometric Transition 1941–1952

Between the end of 1939 and mid 1941, η Car brightened about 0.8 mag on
the photographic scale [72] . Only 3 years later, the star’s spectrum first showed
prominent He I emission and other high excitation emission lines not previously
observed [33, 52]. It continued to brighten for several years with small oscillations
when in 1952 de Vaucouleurs and Eggen [31] reported a rapid increase from
6.9 to 6.5 mag in apparent visual brightness, measured photoelectrically, in only
a few weeks from February to March 1952. It is important to realize that these
measurements refer to the integrated light of the ejecta i.e. the Homunculus nebula
(see Sect. 1.3.3), not just to the central object.7 The object’s rapid brightening during
this time was most likely due to dust destruction which might also be caused by

7Neither of the two brightenings correspond with a spectroscopic event (see Sect. 1.3.2). There are
also two gaps in the photometric record during the twentieth century, 1915–1935 and 1953–1970.
We suspect that a brightening of 1 magnitude or more would have been noticed especially in the
1950–1960s when Thackeray was observing η Car frequently.
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Fig. 1.5 The integrated light curve during the twentieth century shows the rapid brightening in
mid-century and the subsequent gradual brightening (Adapted from Humphreys et al. [52])

the increase in UV radiation required for the onset of the He I and high excitation
emission lines. Together these spectroscopic and photometric changes suggest a
significant change in the wind of η Car. After 1952, its integrated light continued
to brighten slowly at a fairly regular rate, attributed to the expansion of the dust
envelope [100–102]. Figure 1.5 shows the integrated light curve, star + Homunculus
nebula, from 1890 to 2010. The more rapid brightening beginning in 1998 is
discussed in Sect. 1.4.

1.3 The Nature of the Central Object: Multiwavelength
Observations 1960–2000

By the beginning of the second half of the twentieth century, η Car had once again
attracted the attention of astronomers, but its true nature was not understood. In 1963
Gratton [43] wrote the first comprehensive review of η Car’s characteristics and
behavior and suggested it might be a massive star in formation. Other suggestions
ranged from a nova [76], a new class of supernova [118], a slow supernova powered
by a pulsar [73] and an unstable F-type supergiant [5]. The latter suggestion, which
was closest to its true nature, was based on its spectral appearance in the second
eruption. In this section we highlight the major developments that led to our current
understanding of η Car as a very massive, evolved star and its instability.

Observational techniques had improved considerably with photoelectric photom-
etry and spectrophotometry. In South Africa, Thackeray was monitoring η Car
[95–97] and like Gaviola [39] had noticed an unexpected change in its emission line
spectrum [98]. Aller and Dunham [2] and Rodgers and Searle [82] had obtained the
first quantitative spectrophotometry.
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The most important observation of η Car in the twentieth century, was the
crucial discovery by Neugebauer and Westphal [71, 111] that it radiated its huge
luminosity in the thermal infrared at 10 μm and longer wavelengths. Combined with
an improved distance [34, 35], this led to a realistic estimate of its extremely high
luminosity and the realization that its flux in the infrared was comparable to what
was observed in the Great Eruption (Sect. 1.2.1). At about the same time, Pagel
[74,75] showed that considerable circumstellar extinction was necessary to account
for the reddening of the emission lines. However, to explain the high luminosity,
based on the observed energy distribution, he concluded that the central source was
a non-thermal, compact object. Davidson’s [18] analysis convincingly showed that
η Car was in fact a very luminous, unstable hot star of 100 M� or more.

With improved spatial and wavelength resolution in the infrared, η Car was
modeled as an enshrouded, unresolved hot source surrounded by cool, dusty
ejecta, possibly bipolar [41, 81], identified with the visual Homunculus nebula (see
Sect. 1.3.3). Measurement of its polarization [103] confirmed that the Homunculus
was a reflection nebula. The basic nature of the central object was now recognized –
an extremely luminous, hot star emitting most of its energy in the UV, but absorbed
by dust formed in the Great Eruption and re-radiated in the infrared.

1.3.1 The Central Star

With the long-wavelength observations, integration of η Car’s spectral energy
distribution [11] combined with its modern distance (2.3 kpc) determined from the
expansion of the ejecta [1,28,64,84], its current luminosity is 1.9×1040 ergs s−1 or
∼106.7 L� and MBol ≈ −12.0 mag.8 During the Great Eruption its total luminosity
did indeed increase significantly exceeding the Eddington Limit for its mass. To
avoid violating the Eddington Limit at its present luminosity, η Car’s present-day
mass must be greater than 90 M� Estimates of its initial mass based on its luminosity
in combination with stellar models, suggest a zero-age mass near 150 M� and
possibly as high as 200 M�.

Unfortunately, we cannot observe the central star directly even with the Hubble
Space Telescope. It has an extremely dense, opaque wind [24, 46]. Consequently
there is no unambiguous estimate of the star’s temperature from stellar models.
With its intense emission line spectrum, realistic estimates of the characteristic
temperature are uncertain, but are of the order of 20,000 K with an effective radius,

8This includes a small correction of ∼10% for visual/UV radiation that escapes absorption by the
dust longwards of 1 μm [24].
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where the UV/visual radiation originates, of <0.8 A.U. The actual embedded star
may be both hotter and smaller. See the Chap. 3 for a discussion of the central star.9

Measured mass loss rates depend somewhat on the wavelength used. Radio
observations [112] yielded an estimated 10−3.5 M� year−1 while millimeter map-
ping [11] of the central region gave ∼10−2.6 M� year−1. But, both the radio
and millimeter observations refer to a region much larger than the stellar wind.
Independent mass loss estimates by Davidson et al. [22] and by Hillier et al.
[46], based on emission lines in the wind, give a consistent mass loss rate of
∼10−3 M� year−1.

The discovery from the UV emission-line spectrum that the gas in the outer ejecta
was nitrogen and helium rich while carbon and oxygen were less abundant than
nitrogen [20, 21] verified that η Car was indeed an evolved, massive star and was
most likely a post-main sequence object.

1.3.2 Photometric and Spectroscopic Variability

Since its rapid brightening in the 1940s to early 1950s, the integrated light of the
central star plus Homunculus has shown a long-term trend slowly increasing in
apparent brightness at visual and near-infrared wavelengths [100–102, 113, 114].
The slow visual increase was largely attributed to the expansion of the nebula
resulting in a clearing of obscuring material around the star. HST/STIS spectra
in 1998–1999 revealed another rapid brightening, this time of the central star, of
∼1 magnitude in only 1 year [26]. Since then the integrated light has continued to
brighten more rapidly than the previous long-term trend [59, 61] shown in Fig. 1.5.
The central star has brightened even more rapidly, Sect. 1.4 and Fig. 1.8.

1.3.2.1 The 5.5 year Spectroscopic Cycle

Beginning with Gaviola’s first recorded spectroscopic change in 1948 and
Thackeray’s observation in 1964, η Car’s spectrum had been observed on various
occasions to show a dramatic change with the weakening and disappearance of the
high excitation emission lines including He I, [Ne III] and [Fe III]. Zanella, Wolf
and Stahl [116] observed a “shell” episode in 1981–1983, surmised that the changes
were due to a shell ejection, and suggested a recurrence approximately every
17 years based on the previous observations.10 Near-infrared photometry by White-
lock and Feast and their collaborators [113, 114] showed a 5–6 year periodicity in
the infrared flux, but its interpretation was complicated by the increasing brightness

9In Chap. 4, Najarro and Hillier derive much lower effective temperatures assuming the standard
τ = 2/3 for stellar atmospheres, but as mentioned there this is unrealistic for an opaque wind.
10Later, 17 years turned out to be three full 5.5 year cycles.
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of the central star. Meanwhile, “spectroscopic events” occurred in 1986 and in 1992.
Damineli [13] was the first to recognize an approximately 5.5 year periodicity based
on the periodic weakening of the He I λ 10830 line and successfully predicted the
next event at the end of 1997. Subsequent multiwavelength observations from X rays
to radio during the 1997–1998 and 2003.5 events confirm the periodicity and weak-
ening of the flux during the events which are now recognized to recur approximately
every 2023 days [15]. The periodicity of the events is now acknowledged as due to
the presence of a second star in a highly eccentric orbit that brings it into the wind of
the massive primary at periastron.11 The spectroscopic events have been attributed
to (1) eclipses of a hot secondary star by the primary wind [14,77], (2) disturbances
in the primary wind triggered by a companion near periastron [60, 86], and/or (3) a
thermal/rotational recovery cycle [27, 30, 86, 116]. Suggestions (2) and (3) are not
necessarily mutually exclusive. As discussed in Sect. 1.4.1, observations during the
2003.5 event support the wind-disturbance/instability suggestion as opposed to a
simple eclipse.

Although most astronomers now agree that η Car is a binary very likely with
a hotter, less massive, less luminous companion, the secondary star has remained
unobservable, even in the UV. It is assumed to be the source of the UV radiation
responsible for the high excitation emission lines in the inner ejecta (See Sect. 1.4).
A recent photoionization analysis [65] demonstrated that a 40–50 M� star with L
∼4 × 105 L� and Teff ≈ 39,000 K fits the observed parameters.

1.3.3 The Homunculus, Equatorial Spray,
and the Outer Ejecta

Eta Car’s distinguishing visual features are its now famous bipolar lobes and
equatorial “skirt” or “spray” as imaged by HST. The “halo” surrounding η Car was
first noted by van den Bos [99] in 1938. Thackeray [93,94] described the nebulosity
surrounding η Car and sketched it with a 10 arcsec halo. Gaviola [38] may have been
the first to actually photograph the nebula which he named the Homunculus or “little
man”. Figure 1.6 shows several images of the Homunculus nebula obtained over the
past 60 years.12 The nebula’s expansion has been measured by many observers,
beginning many years prior to HST observations [38, 40, 80, 93]. The numerous
results leave little doubt that the bipolar lobes were ejected in the 1840s Great
Eruption. Though most of the groundbased images did not show much detail, the

11See Chap. 9 for a detailed discussion of the X ray variability and the secondary star.
12η Car’s visual appearance in a small telescope has changed dramatically in the past 40 years.
In the early 1970s, it looked like the Gehrz and Ney [40] image in Fig. 1.6, a bit like a cross
between the Pillsbury “Dough Boy” and the “Michelin Man”. By the late 1990s, the two lobes
were easily visible in a small telescope. The inner ejecta could be seen as a bright red-orange
region surrounding the position of the star in the SE lobe. This change was due to the increasing
brightness of the star and contrast with that of the Homunculus.
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term ‘bipolar’ was applied to the Homunculus long before the HST images. For
example, the infrared data [44] was best fit by a pair of hollow lobes, and Duschl’s
[32] ground-based images obtained with a specialized technique revealed the bipolar
lobes and equatorial skirt for the first time, prior to HST imaging.

One of the more surprising developments was the discovery using speckle
interferometry of small, bright starlike condensations or “knots” within 0.3′′ of the
central star (knot A) [48, 107] , now called the ‘Weigelt knots’. Subsequent speckle
interferometry [108] and HST imaging and spectroscopy [23]. showed that knots
BCD are moving very slowly, compared with the expansion of the Homunculus,
at less than 50 km s−1, in the equatorial plane, and were apparently ejected in the
second eruption.13

Although, for the most part, detailed groundbased studies of the Homunculus
were hampered by limited spatial resolution, the presence of complex features well
outside the Homunculus were first noted by Thackeray [93]. Proper motions of
some of the nearer condensations [104, 106] showed that they may be related to
the equatorial structure and were probably ejected during or soon after the 1840s
eruption, while other outlying nebulosity may be from earlier outbursts depending
on the amount of acceleration. Several amazing near-linear rope-like structures
have also been identified extending outwards from the Homunculus and apparently
emanating from the central star [63, 109]. These “strings” remain unexplained. The
strings and other peculiar features are all described in more detail in Chap. 8.

Several studies have revealed the presence of very high velocity gas in the outer
ejecta with speeds ranging from ≈1,000 km s−1 up to 3,200 km s−1 [110]. Very
recently, Smith [88] has reported ejecta moving at 3,500 km s−1 and possibly as
high as 6,000 km s−1 which he attributes to a blast wave from the 1843 eruption. If
correct, the associated kinetic energy would rival that of a true supernova.

The first estimates of the mass lost in the Great Eruption were based on the
total dust in the Homunculus from maps of the infrared emission and the resulting
extinction in the lobes. They yielded a total ejected mass of ∼2–3 M� [24] or more,
depending on the gas-to-dust ratio. More recent measurements yield total masses of
12.5–15 M� and possibly as high as 20 M� [69, 85] based on far-infrared emission,
with a gas-to-dust ratio of 100.14 Chapter 8 estimates ≈2–4 M� in the outer ejecta.
The total mass in the equatorial skirt is much less certain, but most estimates put
it below 1 M�. The skirt is also a mixture of ejecta from the two eruptions [28].
Assuming that all of this material was ejected in the Great Eruption, the total mass
lost was 15–20 M� with a corresponding mass loss rate of 0.7–1.0 M� year−1!

The basic parameters that describe what we now know about η Car’s physical
state and its Great Eruption are summarized in Table 1.1.

13See Chap. 6.
14See Chap. 7.
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Table 1.1 Physical properties of η Carinae

Distance 2,300 pc
Current mass ≥ 90 M�
Current luminosity 5 × 106 L�, (106.7), (Mbol = −12 mag)
Current mass loss rate ∼10−3 M� year−1

Initial or zero age mass ∼150–200 M�
Great eruption 1837–1858

Duration 20 years
Maximum luminosity 107.7 L� (Mbol = −14.5 mag)
Total luminous energy 1049.7 ergs
Total kinetic energy 1049.7 ergs
Mass lost ≈15–20 M�
Mass loss rate ∼1 M� year−1

Second eruption 1888–1895

Duration 7 years
Maximum luminosity 106.7 L�
Total luminous energy 1048.6 ergs
Total kinetic energy 1046.9 ergs
Mass lost ≈0.2 M�
Mass loss rate ∼0.03 M� year−1

1.4 Highlights from the HST Era: 1995–2011

The Hubble Space Telescope first generation imagers and spectrographs provided
our first opportunity to separate the light and spectrum of the central star from that
of the surrounding ejecta. All groundbased spectra of the central object up until that
time were contaminated with light from the nearby ejecta. Davidson et al. [22] used
the Faint Object Spectrograph (HST/FOS) to obtain the first spectra of the central
star (A) and at positions dominated by light from the Weigelt knots, objects B,C, and
D. The spectra were distinctly different (Fig. 1.7). The spectrum of A, the central
star, is that of a hot stellar wind while the ejecta, BCD, have a combined spectrum
of many forbidden and permitted lines. Indeed, the narrow permitted and forbidden
lines and the high excitation emission lines which dominate the groundbased spectra
were shown to come from the ejecta. Subsequent observations with the Goddard
High Resolution Spectrograph (HST/GHRS) at high spatial and spectral resolution
[23] not only confirmed the FOS results, but showed that the Weigelt knots were
equatorial and probably ejected after the Great Eruption. The peculiar, remarkably
strong Fe II lines at λ 2507 Å and λ 2509 Å that dominate the UV spectrum of η
Car were resolved. The lines were believed to be due to some kind of fluorescence,
but the intensity ratios were so anomalous that Johansson and Letokhov [55, 56]
proposed an astrophysical laser to explain them.

The second generation Space Telescope Imaging Spectrograph (STIS) provided
an opportunity to combine high spatial and spectral resolution with wavelength cov-
erage from the UV to 1 μm using the CCD long slit and MAMA echelle detectors.
The long slit, covering the central star, its inner ejecta and the Homunculus nebula
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Fig. 1.7 The 1991 HST/FOS spectra from two different postions, on the central star and the inner
ejecta, the Weigelt knots, B,C,D, from the near UV to visual (Based on spectra from Davidson
et al. [22]). The unusually strong Fe II blend at λ 2507 Å in the ejecta is visible on the left

Fig. 1.8 The brightness of the central star in the near-UV with the Hubble Space Telescope from
1998 to 2011 (From Mehner et al. [67])

at a range of slit orientations, led to several important discoveries. But the first
discovery from HST/STIS was totally unexpected. Comparison of the continuum
in the STIS spectra between 1998 and 1999 showed that η Car, the central star,
had brightened by a factor of 2 in only a year in the near-UV and visual [26], see
Fig. 1.8. Groundbased photometry of the star and the Homunculus confirmed the
trend in the visual and near-IR and showed that the nebula had also brightened
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by about 30%; its largest increase in 30 years. As mentioned above it was known
that the Homunculus had been slowing brightening for about 30 years, but these
developments were quite unexpected and not easy to explain. Davidson et al. [26]
suggested that it was likely that some circumstellar dust along the line of sight, hot
grains relatively near the star, had been destroyed perhaps due to a small increase in
the star’s UV flux. Consequently the grain formation zone moved futher out, causing
the star to appear significantly brighter while the nebula brightened a lesser amount.

Subsequent monitoring of the central star using the ACS and WFPC2 images as
well as the STIS observations, from 1998 to the present, show that the central star
has continued to brighten (Fig. 1.8) [59,61,67] with a dip corresponding to the time
of the spectroscopic events in 2003.5 and 2009. The very prominent decrease in the
near-ultraviolet at the time of the events is due to the greatly increased opacity from
the “forest” of Fe II lines

Although the bipolar lobes and equatorial skirt are easily visible in the images,
the STIS/CCD long slit spectroscopy revealed evidence from the kinematics of
the equatorial debris that it contained material ejected during both eruptions [28].
Spectroscopic mapping of the nebula by Ishibashi et al. [54] exhibited the presence
of a previously unknown bipolar emission nebula embedded within the much larger
Homunculus and extended along the major axis up to ±2′′ from the central star. It
was consequently named the “Little Homunculus”. The expansion velocity of the
associated gas suggests that it was ejected in the lesser 1890s eruption. Estimates of
the mass in the Little Homunculus of 0.1 to 0.2 M� are much less than in the Ho-
munculus and suggest a mass loss rate of ∼10−2 M� year−1 during the second erup-
tion. Thus η Car ejected material in the polar and equatorial directions during both
eruptions but with very different energies and very likely different physical causes.

Recent ground based near-infrared imaging with adaptive optics [3, 7] revealed
a multi-lobed structure embedded in the SE lobe of the Homunculus. Artigau
et al. [3] demonstrated that the knots and filaments were also ejected during the
two eruptions and are located behind the Little Homunculus and the SE lobe,
2,000–4,000A.U. from the star. These filamentary features are thus associated with
the equatorial skirt or debris but on the far side of the Homunculus.

The early FOS and GHRS observations along the major axis of the Homunculus
identified a position in the SE lobe, now known as FOS4 [117], that reflects the
spectrum of the central star from its polar region. The Homunculus reflection
nebula thus provides a unique opportunity to observe the spectrum of the star and
its spectroscopic events from different directions. Long slit spectra from several
different positions in the nebula showed that η Car has an aspherical stellar wind.
Smith et al. [86] found that the P Cygni absorption profiles in the Balmer lines
were latitude dependent with higher velocities and stronger absorption toward the
poles. This was quite surprising implying that the mass loss flux toward the poles
was higher than in the equatorial zone. The wind was fast and dense at the poles
with a higher degree of ionization than the lower density wind at lower latitudes.
Equally important, comparing the hydrogen and He I profiles from 1998 during the
spectroscopic event, with observations 2 years later, they found that the structure
of the wind changes during the 5.5 year cycle. During the event, the polar wind
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Fig. 1.9 The flat-topped Hα
line profile during the 2003.5
event was very different than
in the 1998.0 and at
intermediate dates (From
Davidson et al. [29])

remains largely unchanged while the wind at lower latitudes becomes denser and
more closely resembles the polar wind. Comparison of STIS and UVES data from
the 2003.5 event [90] later confirmed that the changes in the wind during the event
were latitude dependent. This is a crucial result supporting suggestions that during
the spectroscopic events, the star ejects a shell in the equatorial region. Detailed
latitude structure like this is observable for very few other stars.

1.4.1 The HST Treasury Project: The 2003.5 Event

The first STIS observations were not obtained until Jan 1998, after the 1997–1998
event had already begun. Coverage was therefore limited. The HST Treasury
Project on η Car was specifically designed to get thorough spectroscopic and
image coverage of the 2003.5 event. One of the more surprising results was the
discovery that there were significant changes in the star’s wind between the events
in 1997–1998 and in 2003. In the 2003.5 event the profiles of the Hα and Hβ
lines, the two strongest lines in the stellar wind, were unlike any that had been seen
before. Their distinctive flat tops [29] shown in Fig. 1.9, were quite different from
their appearance in 1997–1998. Another unexpected discovery was the presence of
He II emission first noticed in groundbased spectra by Steiner and Damineli [91].
The HST/STIS spectra provided superior spatial resolution and showed that the He
II emission in the star first appeared about 3 months before the event, grew to a brief
maximum at the time of the event [60] and then quickly disappeared. It reappeared
for a second smaller maximum [91] before weakening again. The He II emission
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line was also not spatially resolved from the central star and therefore originated in
its dense stellar wind, not in the diffuse ejecta. In the colliding wind binary models
for η Car’s 5.5 year period and its X ray light curve, the shock fronts near η Car
would be expected to produce some weak He II emision. The line was far too bright,
however, at its maximum strength, to be explained by conventional models for η
Car’s wind, and the proposed companion star’s wind cannot supply enough energy
for the required shock fronts. The primary star’s wind therefore had to provide a
larger than normal but temporary supply of energy. Martin et al. [60] concluded that
a mass ejection or wind disturbance was necessary to fuel the observed emission.

The observational evidence, especially from the observations with HST/STIS
thus support a disturbance in the primary’s wind or mass ejection event, most likely
in the equatorial zone, as the origin of the spectroscopic changes observed during
the events [9, 16, 25, 86]. The close approach of the less massive secondary during
periastron very likely triggers the instability in the massive primary’s wind, a star
which is already within a few percent of the Eddington limit.15 But then why were
there no apparent events prior to 1948, or perhaps more correctly, why did the star’s
spectrum look like it was always in an event, the spectroscopic low excitation state,
prior to 1944? See the Chap. 3 for more discussion of this question.

1.5 A Change of State

With the demise of STIS in 2004, we continued to monitor the central star
photometrically with HST/ACS/HRC, and after its failure, with HST/WFPC2.
By 2008, the central star was about 2 magnitudes brighter than it was 10 years
before [62]. The brightening from the UV-to-red wavelengths is probably due to
a combination of dust destruction and reduced dust formation, requiring a change
in the UV radiation and/or the mass loss rate i.e. a change in the wind. With the
evidence that the 2003.5 event had been qualitatively different from the preceding
1998.0 event, it was therefore especially important to observe η Car during the
2009.0 event, but without the advantages of STIS. Historically, groundbased spectra
of η Car represented an inseparable mixture of the central star and its bright ejecta,
but with the dramatic brightening of the star relative to the inner ejecta, the ground-
based spectra are now much less contaminated. The multiwavelength observations
of the 2009 event, including groundbased spectroscopy [17, 67, 79, 92], produced
several surprises. The UV light curve (Fig. 1.8) exhibited a much deeper minimum
at both wavelengths than in 2003.5. A much smaller difference between 2003.5
and 2009.0 was observed in the visual [36]. The X ray light curve16 showed an
unexpected early recovery from the X ray minimum compared to the previous events
most likely due to a decrease in the wind density of the primary [57]. More complete

15See Chaps. 3 and 9.
16See Fig. 9.7 in Chap. 9
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Fig. 1.10 A comparison of line profiles of blends of Fe II, [Fe II], Cr II, and [Cr II] near 4600A.
The two panels show HST/STIS data at the same phase in successive spectroscopic cycles (Adpated
from Mehner et al. [66])

temporal coverage of the behavior of the peculiar He II emission exhibited a close
correlation with the X ray flux [67].

The accelerated brightening of the central star beginning in the late 1990s
together with major differences among the 1998.0, 2003.5, and 2009.0 events,
suggested that the stellar wind of the massive primary was changing much more
rapidly than it had in the previous 40 years or so. Very likely the mass loss rate
and consequently the density of the wind was decreasing. But the spectrum of the
central star, from HST spectroscopy from 1991 to 2004, showed no major changes
except during the events. Thus it was extremely important when observations with
the post-servicing mission (SM4) STIS, after the 2009 event, revealed important
changes in the spectrum of the star. Mehner et al. [66] found that major stellar wind
emission features (Fig. 1.10) had decreased by a factor of 2 or more! The most likely
explanation is a significant decrease in η Car’s primary wind density and therefore
a decrease in the mass loss rate by a factor of 2–3 times [10, 57, 68]. Looking back,
at the groundbased Gemini/GMOS spectra from 2007 to 2010, weakening of the
wind features and changes in other lines are apparent before the 2009 event [62,66],
and Mehner et al. [68] have subsequently found a gradual change in the hydrogen
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and wind emission lines beginning more than a decade ago. The change of state in
η Car thus began with the rapid brightening, but significant changes in the wind
emission lines were not apparent until recently; an indication of the strength of the
wind which has dominated its spectrum since 1900.

Eta Car’s recovery from the Great Eruption has been highlighted by three periods
of rapid photometric and spectroscopic change; the second eruption in the 1890s, the
rapid transition in the 1940s, and the accelerated brightening beginning in the late
1990s accompanied by a major decrease in the density of the wind. These transition
periods are interestingly spaced approximately 50 years apart. As of Spring 2011,
the strength of the wind emission lines have not continued to decrease [68]. The
wind density appears to have stabilized in this state, for now. But, will η Car now
continue in this state for several decades? Will the wind density continue to decline
revealing the underlying star, or will it increase and revert to its former appearance?
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Chapter 2
The Company Eta Carinae Keeps: Stellar
and Interstellar Content of the Carina Nebula

Nolan R. Walborn

Abstract The remarkable, interrelated stellar and nebular constituents of η
Carinae’s habitat, the giant Carina Nebula (NGC 3372), are reviewed. They are
relevant to the interpretation of η Car itself. They include some of the hottest
and most massive O stars known, frequently in close multiple systems; mysterious
nebular structures; recently recognized ongoing star formation; the most extreme
high-velocity interstellar absorption-line profiles in the Galaxy; and both stellar and
diffuse X-ray sources.

2.1 Introduction

The fame and brilliance of η Carinae sometimes overwhelm its equally fascinating
stellar and nebular environment. But the context of associated phenomena can
provide vital clues to the nature of what may otherwise appear to be a bizarre
peculiar object, for instance, its initial mass and age. In fact, the giant H II
region known as the Carina Nebula, or NGC 3372, is one of the most powerful
laboratories for investigation of the early evolution of the most massive stars,
because of its relative proximity and moderate extinction, independently of η Car
itself. The hottest spectral class, type O3, (now expanded to O2 through O3.5) was
first recognized there. The massive stellar content of the Carina Nebula has been
reviewed in detail by Walborn [77] and Smith [58]. Current star formation, likely
triggered by the first-generation O stars, a ubiquitous characteristic of giant H II
regions, has only recently been recognized in the Carina Nebula as a result of new
infrared observations. This region also harbors extreme and in some respects unique
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Fig. 2.1 The entire Carina
Nebula (Image made from
UK Schmidt plates by
David Malin)

high-energy phenomena, revealed by the interstellar absorption lines and X-rays.
The Carina Nebula is a dynamic, transitory cauldron of astrophysical interactions
from which we have yet much to learn (Fig. 2.1).

The distance to the Carina Nebula was reviewed by Walborn [77] and by
Davidson and Humphreys [19]. Using the luminosities of the O-type stars in the
ionizing cluster Trumpler 16, Walborn estimated its distance as D ≈ 0.8(R−4) ×
2,250 pc with a small formal error, while Davidson and Humphreys adopted
2,300± 200 pc based upon photometric distances to Tr 16 plus the expansion of
the η Car ejecta measured by Allen and Hillier [4] (∼2,200 pc). The spectro-
scopic/photometric parallaxes of the OB stars are uncertain because of anomalous
reddening laws that may vary from star to star, and which remain to be determined
from future ultraviolet through infrared analyses of their energy distributions.
Color-magnitude diagram distance determinations are also uncertain, because of
superimposed subclusterings with a range of ages, and subluminous, zero-age OB
main sequences at progressively lower masses with increasing age. Overluminous
pre-main sequences at still lower masses also complicate the analysis of color-
magnitude diagrams. Moreover, in this direction we are looking down a spiral arm,
so there are numerous background, as well as a few foreground, objects in the field.
Subsequently, Meaburn [38], Davidson et al. [18], and Smith [57] independently
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derived distances of 2,300, 2,250, and 2,300 pc, respectively, from the motions of
the ejected nebulosity. Systematic errors dominate, but the quoted uncertainties are
in the range of ±100 to ±200 pc. The four nebular parallaxes agree remarkably
well. These results imply that the typical ratio of total to selective extinction must be
R ∼ 4 toward the ionizing stars [77]. The distance of η Carinae, and by implication
of the Carina Nebula with which it has been shown to be associated, is thus now
well established at 2,300 pc. The diameter of the H II region is about 40 pc, and the
total mass of ionized hydrogen is of order 104M�, a thousand times that of the Orion
Nebula, but one to two orders of magnitude below that of 30 Doradus in the Large
Magellanic Cloud.

2.2 Stellar Content

The principal ionizing clusters of the Carina Nebula are Trumpler 16 (Tr 16), which
contains η Car, and the very compact Trumpler 14 (Tr 14) in the northern part
(Fig. 2.2); and Collinder 228 (Cr 228) in the southern part of the Nebula. The
O3 subclass was introduced by Walborn [73, 74] to describe six stars in Tr 14
and Tr 16 with spectral types earlier than the earliest (O4) MK standards. One of
them, HD 93129A, the brightest star in Tr 14, presented a qualitatively new kind
of O-type spectrum, with a narrow N IV λ 4058 emission line stronger than the
normal Of N III λ λ 4634–4640–4642 lines, which was denoted as Of*, and strong
N V λ λ 4604–4620 absorption lines. These N IV and N V features are present in
O4f spectra, but much more weakly and with the N IV weaker than N III; that is,
the O3f* spectrum is a higher-ionization analogue of the O4f. There are also three
WN-A, or WNL (i.e., narrow-line, late-type, high-luminosity WN), stars present,
which bear strong spectroscopic relationships to the O3f*, in terms of progressive
envelope or wind development ([75,81]; Fig. 2.3). One of the WN-A stars is in Tr 16,
while the other two are at the western and southern edges of the Nebula. This stellar
population corresponds to an evolutionary age of ≤2 Myr (recently reduced to that
value by the recognition that this kind of WN star is likely still burning H in the core)
and upper masses of ≥100 M�. Evidence that Tr 14 is somewhat younger (≤1 Myr),
and Cr 228 somewhat older, was discussed by Walborn [77], as was the speculative
possibility that the two errant WN-A stars are runaways from Tr 16. Because of the
smooth spectroscopic progression from the associated types O3 V through O3 If*
to WN-A, it is likely that η Car is a post-WN-A star, if its current state is essentially
a product of very massive single-star evolution, as opposed to a binary interaction.
Langer et al. [33] advocated the same progression from a theoretical standpoint, and
Smith and Conti [60] from a rediscussion of WN spectra.

In a review of the O3 subclass [83], it was subdivided into 3 including the new
types O2 and O3.5. HD 93129A is now the prototype of the O2 If* category on the
basis of its large N IV/N III emission-line ratio (Fig. 2.4), while the other Carina
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Fig. 2.3 Rectified, digital blue-violet spectrograms of HD 93129A (now O2 If*) and the three
WN-A stars in the Carina Nebula (From [81])

Nebula members have been reclassified as O3.5 V((f+)), except one (HDE 303308)
back to O4 V((f+)) based on the higher quality digital data now available (Fig. 2.5).
(The ((f)) notation signifies strong He II λ 4686 absorption combined with weak
N III emission; while the “+” qualifier denotes the additional presence of Si IV
λ λ 4089–4116 emission lines, which is subsumed by f*.)

A large percentage of the most massive stars are found in spectroscopic binary
and compact multiple systems; the Carina Nebula population is no exception. Out-
standing examples are the O3.5 V((f))+O8 V system HD 93205 [42] and the WN7-
A+O8-9 HD 92740 [53]. Another interesting case is FO 15 (O5.5 Vz+O9.5 V;
[45]; “Vz” means that the He II λ 4686 absorption line is stronger relative to other
He lines than in normal class V spectra, indicating possible subluminosity and
zero-age-main-sequence status [80], which is supported by the physical parameters
derived for this star. Triple lines have been found in the spectra of CPD −59◦ 2603
(O7 V+O9.5 V+B0.2 IV; [50]) and CPD −59◦ 2636 (O7 V+O8 V+O9 V;
[1]). Even more extreme is the double spectroscopic binary HD 93206 in Cr 228
(O9.7 Ib:(n)+O9 III), which has two sets of lines with different periods [34, 43],
but has yet to be resolved spatially despite attempts with groundbased speckle and
the HST Fine Guidance Sensor interferometer.
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Fig. 2.4 An early Of supergiant spectral sequence, showing the extreme N IV/N III emission-line
ratio in HD 93129A, leading to its earliest spectral type (Courtesy of Ian Howarth, from [79])

The Carina Nebula presents an attractive opportunity for a systematic investi-
gation of multiplicity in an OB population, and such has been undertaken with
HST/FGS [44]. Five new binaries were found in a preliminary subsample, including
most remarkably HD 93129A with a separation of 55 milliarcsec and ΔmV of
0.9 (Fig. 2.6), likely implying yet another very early O main-sequence member of
Tr 14. This pair was subsequently resolved in direct images with the HST Advanced
Camera for Surveys (Fig. 2.7), and even more remarkably, relative motion of the
components has been detected with both instruments; this is the most massive
visual/astrometric binary known [36]. Likely related high-energy observations of
the system are discussed later. HD 93129A (now Aab) has provided an anchor
point for both the classification and quantitative analysis of the most massive stars
(e.g., [70]). These results for relatively nearby stars emphasize anew the funda-
mental issues introduced by the endemic multiplicity of the O stars, frequently at
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Fig. 2.5 An early O dwarf spectral sequence in the Carina Nebula (From [83])

or beyond the detection capabilities of current techniques, and the importance of
continually addressing them at the state of the art. A binary nature of η Car would
not be surprising, in view of the characteristics of its associated population.

Extensive spectroscopic, optical and/or infrared photometric, and astrometric
studies of the Carina Nebula clusters [6,20,37,68,72] have provided useful data and
interesting discussions. Nevertheless, the large disparities in reddening, distance,
and age results document the uncertainties summarized in the Introduction above. It
is likely that they will remain unresolved until UV–IR energy distributions and space
interferometric astrometry become available for hundreds of individual stars. Smith
[58] has made a complete census of the known OB stellar content of the Carina
Nebula and calculated their radiative and mechanical energy inputs to the Nebula,
which are relevant to the following sections.
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Fig. 2.6 HST Fine Guidance
Sensor scan of HD 93129Aab
and B, showing the duplicity
of the former (From [44] (The
broad dip between the two
stellar traces is an artifact))

Fig. 2.7 HST Advanced Camera for surveys High Resolution Camera images of the same two
stars. (left) F850LP image of the HD 93129 system. (right) Enlargements of Aab (top) and B
(bottom) from the F220W image. The separation of the former pair measured from this image is
51 milliarcsec in the N-S direction. An HRC pixel is 0.025′ ′ square and each of the right panels is
0.4′ ′ square (Courtesy of Jesús Maı́z Apellániz)
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2.3 Nebular Structures

The early radio-continuum observations of the Carina Nebula revealed two strong
peaks in the northern part of the nebula, called Carina I and II [27]. They coincide
with optical structures, the first with a semicircular dust incursion into the H II
near the compact cluster Tr 14 (Fig. 2.2), lower corner of “c1” box, and the
second with a curious apparent bright ring a few arcminutes northwest of η Car
(Fig. 2.2, top of “Keyhole Nebula”, further discussed below). Subsequent radio
observations with higher spatial resolution showed greater complexity in these
structures [12, 31, 51, 86].

Deharveng and Maucherat [21] and Walborn [76] showed that the Car II ring is
a physical structure best defined in the light of [S II]. There are other strange [S II]
structures in the vicinity, and the general appearance of the northern part of the
Carina Nebula is completely different in the light of [O III]. The gas kinematics of
the region was further investigated by Meaburn et al. [39], and Kennicutt et al. [32]
have discussed the implications of this inhomogeneity for standard nebular analyses,
finding that the oxygen abundance is unaffected but there are problems with nitrogen
and sulfur. Images of the Car II ring with the HST Wide Field Planetary Camera 2
revealed further intricate details, including barely resolved dark globules and the
astounding adjacent “Finger Nebula”, evidently sculpted by the WN star HD 93162
(Fig. 2.8; [78]). The ring may have been created by η Car’s polar wind [56], and the
apparently helical structure at its western edge might be a “twisted trunk” [15]. The
Finger Nebula was analyzed in detail by Smith et al. [65] and is further mentioned
below in the context of ongoing, triggered star formation. Smith et al. [67] also

Fig. 2.8 HST Wide Field Planetary Camera 2 image of the Keyhole/Carina II ring and the Finger
Nebula (Credit: NASA, ESA, the author, Rodolfo Barbá, and The Hubble Heritage Team)



34 N.R. Walborn

discussed further aspects of the possible interactions of η Car’s winds with the
immediately surrounding region of the Nebula.

The association of η Car with the Carina Nebula has been demonstrated twice,
first by Walborn and Liller [82] who discovered nearby dust clouds reflecting the
peculiar spectrum of the star, and then by Allen [3] who showed that the redward
component of the double nebular emission lines is occulted by the Homunculus.
López and Meaburn [35] found that the reflected Hα profile is different from that
observed directly toward η Car and suggested a lagged time variation; however,
[10, 62] reinterpreted the difference as caused by the spatial anisotropy of the wind
emission, with the reflection revealing the polar profile. The presence of reflection
has important implications for the drawing of the Carina Nebula by John Herschel at
the time of η Car’s Great Eruption during the nineteenth century. He drew the bright
nebulosity immediately to the west of the variable as far brighter and more extensive
than it appears today, defining his “Keyhole Nebula” (the upper part of which is the
Car II ring). The accuracy of Herschel’s drawing was questioned by Bok [9] on
the assumption that the nebulosity was entirely ionized; η Car at maximum would
not have been hot enough to excite it, and the recombination time would have been
far longer in any event. Since we now know that this nebulosity has a reflection
component, it is likely that the latter was considerably brighter when the variable
was at maximum, and that it faded with a short lag during the subsequent decline,
so that Herschel’s drawing is correct.

Molecular observations toward the Carina Nebula provide a different, comple-
mentary perspective. Early observations in the H2CO and OH lines showed two
strong peaks, coincident not with the radio-continuum maxima but with the dense
V-shaped dust lanes that divide the northern and southern parts of the Nebula
[22,23,28]. More extensive CO observations revealed an elongated giant molecular
cloud with a mass of order 105 M�, the Carina Nebula being located near one end
[29]. CO observations with higher spatial resolution discovered discrete cloudlets
with masses of order 10M� in the vicinity of Car II [16], which are undoubtedly
related to the subject of the following section. Infrared H2 and PAH [11] and mm
continuum [14] observations have been made in the same region; while far-IR line,
CO, and CS have been observed throughout the Nebula [13, 41, 88].

Smith and Brooks [59] presented a thorough discussion of the global properties
and energetics of the Carina Nebula, based on multiwavelength observations and a
census of the inputs from the current stellar content. They conclude that the latter
energy is more than sufficient to account for the IR luminosity, ionization, and
kinematics of the Nebula, so there is no need to invoke an SNR in the region on
energetic grounds.

2.4 Current Star Formation

Until recently, the Carina Nebula was generally regarded as an evolved H II region,
with no particular evidence of ongoing star formation. However, more powerful
IR (and optical) instrumentation in the Southern Hemisphere and in space has
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Fig. 2.9 Enlargement from Fig. 2.2 of pillar and jet structures signaling new star formation in the
northern Carina Nebula (Credit: NASA, ESA, Nathan Smith, and The Hubble Heritage Team)

drastically revised that perspective. Megeath et al. [40] discovered a small IR cluster
within a bright-rimmed globule southeast of and facing η Car and Tr 16. A larger
scale view from the Midcourse Space Experiment revealed a number of similarly
oriented dust pillars and IR sources somewhat further to the southeast [61]. There
are some additional cloudlets near Car II, as well as three possible ultracompact H II
regions and a young stellar object with a disk in the vicinity of Tr 14 [48]. Numerous
proplyd candidates were found in groundbased images [63], and many more will
undoubtedly be reported from the ACS images (Fig. 2.2). It is quite possible that the
“Finger Nebula” noted above will give birth to a small cluster of low-mass stars,
if the condensations responsible for its protuberances are sufficiently dense [65].
A giant Herbig-Haro flow was discovered in the southern part of the Nebula [64],
and another small, newborn cluster nearby [30,49,66]. Several CO cores associated
with IR sources and outflows, and further young objects in the vicinity of Tr 14 and
Car I, have been presented [69, 87], respectively. The unprecedented pillar plus jet
structures in Fig. 2.9, from the ACS data, appear to have been generated by the
O6 stars HD 93160 and HD 93161AB (Fig. 2.2); they will enlighten us further
about the physics of triggered star formation not only in Carina, but in general.
Thus, the Carina Nebula also displays the ubiquitous evidence for triggered, second-
generation star formation in H II regions [78]. Even more spectacular massive star
formation will likely be triggered soon around the periphery of the current stellar-
wind bubble in the Nebula, when η Car and its massive siblings end their lives as
core-collapse supernovae [59].
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2.5 Interstellar Absorption Lines

The interstellar absorption lines toward stars in the Carina Nebula have been studied
by the author and collaborators for many years with progressively more powerful
instrumentation, up to the state of the art with the HST Space Telescope Imaging
Spectrograph ([17,84,85]; and references therein; Fig. 2.10). They present the most
extreme profiles known in the Galaxy, similar in fact to some QSO narrow-line
systems. Radial velocities in the strong, low-ionization lines range from nearly
−400 to +200 km s−1, with up to 26 components resolved in a single line of
sight. The rapid spatial variations in the profiles over small angular distances,
higher frequency of complex profiles toward more massive stars, and large temporal
variations in several components toward one star observed twice with STIS, all
suggest that the high-velocity features arise in the near foregrounds of the stars
toward which they are observed, i.e. within the Nebula. Although a model does not
yet exist, interaction between the stellar winds and dense surrounding material is a
possible origin of the phenomenon. Alternatively, Walborn et al. [85] emphasized
the ubiquity of positive- as well as negative-velocity components, which may
indicate expanding “shells” predominantly in the foreground of the stars, and
thus possibly related to star-formation activity or an SNR on the near side of the
Nebula. If this kinetic energy is being converted to thermal energy by collisions,
temperatures of a few million degrees would result, which is likely relevant to the
following section.

In contrast, the dominant components in the high-ionization and excited-state
interstellar lines have velocities similar to the blueward components of the double
nebular emission lines, that is, they arise in the near side of the globally expanding
H II region. Thus, they provide valuable absorption diagnostics of the ionized
material.

2.6 X-Rays

The Einstein Observatory discovered that all of the bright stars in the Carina Nebula,
including η Car, are X-ray sources, but more surprisingly, that the entire Nebula
is a source of diffuse soft X-rays [54, 55]. The more advanced capabilities of the
Chandra Observatory and XMM-Newton have greatly expanded those early results
[2, 5, 24, 25, 52, 71]. In particular, X-ray emission from tens of additional OB stars
as well as hundreds of likely T Tauri stars has been found. The latter contributed
to the original “diffuse” emission, but a true diffuse component remains. In view of
the energy correspondence, the diffuse X-rays are very likely related to the high-
velocity motions revealed by the interstellar absorption lines, as discussed in the
previous section. An extensive new survey of the Carina Nebula undertaken by
Chandra during 2007 (PI L. Townsley) will provide even more detailed information.
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Fig. 2.10 Examples of extreme high-velocity interstellar absorption-line structure in the Carina
Nebula. HD 93204 and HD 93205 are just 20′ ′ apart, or 0.22 pc in projection (From [85])
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Several of the OB and WR members of the ionizing clusters have unusually
hard X-ray spectra, indicating possible binary colliding-wind emission. Three of
them are of outstanding interest and have related UV/optical/radio properties. One
of them is HD 93129A, the O2 If* prototype and massive astrometric binary that
dominates Tr 14, as discussed above. It has also been found to be a nonthermal radio
source [7, 8]. Another is the WN6-A member of Tr 16 HD 93162, the sculptor of
the “Finger Nebula”, which has one of the the highest X-ray luminosities known
for a Wolf-Rayet star. It may be a colliding-wind binary on that basis [46, 47],
and it has subsequently been found to be a long-period spectroscopic binary [26].
Finally, the remarkable X-ray and related properties of the likely binary η Car itself
are discussed elsewhere in this volume. The primaries of these systems may well
represent an evolutionary sequence of stars near the upper stellar mass limit.

2.7 Summary

Numerous studies have revealed the remarkable population of very massive stars
and the complexity of the environment associated with η Car. But, as has been
emphasized, we still need the multiwavelength spectral energy distributions of many
of these stars to accurately determine their total luminosities and initial masses for
comparison with η Car.

One of the outstanding problems in our present understanding of star formation, and of the
Carina Nebula in particular, is why so many extremely massive stars form in such close
proximity and at essentially the same time. What is the formation mechanism of such very
massive stars?
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Chapter 3
The Central Star: Instability and Recovery

Kris Davidson

Abstract Many clues to η Carinae’s structure and physics can be found in its
observed behavioral timescales, ranging from a few days to a few centuries.
Here these are reviewed in three categories: the 5.5-year spectroscopic cycle with
its spectroscopic events, the Great Eruption of 1830–1860, and the subsequent
unsteady recovery. Unfortunately, the underlying thread shared by these stories is
a scarcity of theoretical effort. Eta Car may or may not be an exception to general
rules; but either way, as the most observable very massive star, it reveals major gaps
in existing theory. Recent observers have found many unexpected, highly suggestive
discoveries in this topic, including phenomena that cannot be observed in any other
known object. A variety of specific unsolved theoretical problems are noted here.

3.1 A Counter-Paradigm

Here is a tale of Unfinished Business and Unexplored Territory. “Eta Carinae”
amounts to a topic, not just an object; observers have established its outlines but
theorists have not yet done their part. The 1830–1860 Great Eruption remains almost
as mysterious as it was 20 years ago. It may prove freakish due to the companion
star; or, on the other hand, maybe not. Until these and related questions have been
explored better, no account of mass loss and evolution at the top of the H-R diagram
should be considered realistic.

This object has revealed more unpredicted phenomena than all the other known
very massive stars (M � 60 M�) combined. For two centuries it has been in an
almost unbelievably rare physical state. Survivor of the most famous supernova
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impostor event, it is now recovering on a timescale suitable for observation.
A companion star recurrently perturbs it, varying some of the parameters like a lab
experiment. We know the luminosity unusually well, we know the direction of the
polar axis, and we can observe the star from a range of directions via circumstellar
reflection. The mass outflow, which is in some respects the most extreme known
stellar wind, has changed dramatically in the past decade. Meanwhile the wind
exhibits spectacular gasdynamic instabilities, while outlying ejecta show spectro-
scopic phenomena seen almost nowhere else. Even if we refer only to the luminosity
and the eruption ejecta, nothing else like η Car has been found in any nearby galaxy.
Yet it is only 2.3 kpc away, an amazingly improbable fact.

But a disadvantage of “combining more points of interest” than any other
extrasolar star [30] is a centrifugal tendency in research. Choosing papers at random,
first we may read that η Car is chiefly an X-ray binary. Then others explain, instead,
that infrared studies are paramount; or the dense wind, or exotic nebular spectra, or
periodic fluctuations, etc. These are all good problems, but the deepest and broadest
for astrophysics concern the nature of the star itself, and why it erupted. For more
than 30 years there have been empirical hints that sporadic events, rather than
conventional line-driven winds, may account for much or even most of the mass
loss in sufficiently massive stars [23, 33, 34, 77]. Theorists neglected to foresee how
precarious is a state within, say, 30% of the Eddington limit.

This point deserves amplification. Old-fashioned idealized stars behaved grace-
fully near the classical Eddington limit, simply refusing to cross it. But real stars
sometimes erupt when L/M becomes comparable to that value [34]. Soon after
this fact was recognized, temperature-dependent opacity seemed a likely culprit.
Rotation attracted attention after 1990, though its possible synergism with opacity
was usually ignored (see refs. in Sect. 3.4 below). Eta Car’s bipolar Homunculus
ejecta-nebula became a famous hint in those years. Nevertheless, theoretical
discussions continued to employ euphemisms such as “enhanced mass loss” – as
though the destabilizing factors would merely increase the quasi-steady wind [48].
One reason, of course, was that no one could simulate a real eruption. Published
evolution tracks in the HR diagram relied on simple empirical prescriptions for the
long-term mass loss rates. Those accounts blurred the distinction between structural
effects of rotation, etc., as analyzed there, vs. the poorly known instabilities that
actually cause outbursts. Stellar-evolution papers thus give an exaggerated – and,
one hopes, unintended – impression of the extent to which mass loss is known and/or
understood.

LBV’s are usually cited as the classic massive eruptors. But η Car’s giant
outburst, though atypical, involved the same physics and offers the greatest wealth
and diversity of observational clues. Regarding cosmology, instabilities near the
Eddington Limit may affect Population III stars, and might even prevent such
objects from having the high masses commonly attributed to them. A basic question
is whether or not low metallicity immunizes a star against the mysterious giant-
eruption instability [34,77]. So long as η Car remains ill-understood, all discussions
of evolutionary tracks in the upper HR diagram, as well as Pop III, rest on shaky
ground. Crucial phenomena may have been omitted!
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This article concerns the physics of η Car, basic or conjectural, with regard to
its timescales. Diverse observations indicate characteristic times of several days, a
few weeks or months, 5.5, ∼20, ∼50, and ∼200 years, in addition to the current
evolutionary timescale which may have almost any value up to 105 years. This is a
review of the situation, not of the literature; many of the citations really mean “and
other references therein.”1 In addition to timescales, characteristic energies will also
play their roles here. Some points noted below have received little attention in recent
years, and a few have not yet appeared elsewhere.

3.2 Stellar Parameters

First consider the vital quantities. Eta’s total luminosity, Ltot ≈ 5× 106 L�, can be
observed as thermal IR re-emission by dust in the Homunculus ejecta-nebula, plus
a correction for UV-to-near-IR light that diffuses out [12, 79]. Ltot is more robust
than the UV extrapolations employed for most other very massive stars. It’s most
likely within ±15% of the truth, unless substantial UV light escapes through gaps in
the Homunculus. Unfortunately there have been no careful attempts to detect long-
term changes in the integrated IR flux. The secondary star probably supplies 4–20%
of the total (see below), so L1 ≈ 4.5× 106 L� seems a good working assumption
for the primary. The corresponding Eddington Limit minimum mass is 85–105 M�,
depending on the surface abundance and ionization of helium.

We can’t place the primary star in an H-R diagram, because it has been hidden
in an opaque wind for two centuries. Observables in the wind are insensitive to
the star’s physical radius, usually defined as the sonic point in the outflow [7, 31].
The historical record allows an interesting but questionable deduction. Suppose
that η Car’s apparent temperature varies over the long term between a “normal”
hot quiescent state and a cooler-looking eruptive state [34]. Further suppose that
Halley’s magnitude estimate in 1677 represented the former: mV ≈ 3.3 [22]. This
almost entirely represents the primary star, see below. Correcting for interstellar
extinction [12] we find mV,0 ≈ 1.6, compared to mbol,0 ≈ −0.1 based on the
star’s luminosity. Thus we deduce a bolometric correction close to −1.7 magnitude,
indicating Teff ∼ 20,000 K for the “normal” state, much cooler than the ZAMS.
This result seems mildly surprising because (L,Teff) lies well above the empirical
upper boundary in the HRD as we usually draw it [34] – though, admittedly, that
boundary has never been well defined at its high-temperature end. On the other
hand, 20,000 K is a good temperature for bistability [68]. The corresponding radius
is about 180R� ≈ 0.8 AU.

Several obvious forms of error may lurk in the above reasoning, but it’s the best
we have. If Frew’s calibration of Halley’s magnitude [22] was wrong and mV ≈ 4.0,

1So many papers have been published since 2000 that a “complete” list now amounts to an
academic display, tending by weight of numbers to obscure the works that really altered the topic.
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for example, then Teff ≈ 25,000 K which does not greatly alter the case. If the wind
was opaque even before 1700, and the star itself was hotter than 25,000 K, then
there is no evident way to measure it, except, perhaps, via the theoretical mass-
loss vs. temperature relation, a modernized version of Fig. 1 in [7]. The wind may
become transparent in the foreseeable future, Sect. 3.5 below.

We know that η Car is somewhat evolved, because its ejecta have a substantially
higher-than-normal helium abundance and the CNO is mostly nitrogen [13, 18].
A reasonable guess for helium in the star’s outer layers is Y ≈ 0.5 [31]. It belongs
to a cluster whose estimated age approaches the generic 3 Myr lifetime of a very
massive star [12, 88]. Its luminosity and evolved state together imply an initial
ZAMS mass in the range 160–260 M�, depending on rotation and other assumptions
[61]. Combining this statement, the classical Eddington Limit, and the fact that
substantial mass has already been lost [76, 79], the primary star’s current mass is
probably in the range 120–170 M�, with surface Eddington factor Γ ∼ 0.6–0.8 or
possibly higher. But the un-robust character of this assertion is obvious!

Apart from one or two doubtful claims, the companion star has not been observed
directly (Sect. 3.3 below); so we must guess its parameters from indirect evidence.
Three clues are (1) its far-UV photon output must photoionize enough helium in
outlying ejecta to account for emission lines seen there, (2) the X-ray spectrum of
the colliding-wind shocked region indicates a wind speed close to 3,000 km s−1,
and (3) the object cannot be so luminous that we would detect it in the overall
spectrum. These constraints lead to Teff ≈ 37,000–43,000K and L between 105 and
106 L�, see Fig. 12 in [57]. The low end of this luminosity range, however, seems
inadequate to explain the He I lines formed in the primary wind (again dependent
on photoionization by the secondary); so we can reasonably adopt L2 ∼ 105.8 L�
within a factor of 2. Such a star would be an O4–O5 supergiant with mass ∼60 M�
[54, 57, 61]. If we regard the suspected age of the primary star as another indicator
for the secondary, then∼40,000 K at 2 Myr would normally imply M2 ≈ 50M� with
L2 ≈ 105.6 L�. At 3 Myr no star should be that hot [54], unless it has been altered by
accretion [43]. In any case, if this object were not concealed by the primary star and
ejecta it would be one of the best-known massive stars, with mV ∼ 7.5. Its probable
5.5-year orbit is noted below.

3.3 The 5.5-Year Spectroscopic Cycle

Eta Car’s most fundamental problems involve the Great Eruption c.1840 and its
aftermath, with characteristic timescales of 10–200 years. Before examining them,
though, we must acknowledge the 5.5-year spectroscopic cycle which has been a
focus of research since 1997. This cycle may be essential for understanding the
long-term behavior – or, on the other hand, maybe not.

As noted throughout this volume, since 1948 observers of η Car have occa-
sionally recorded “spectroscopic events.” High-excitation emission lines fade or
disappear for a few weeks or months, the 2–10 keV X-rays become unsteady and
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then disappear temporarily, and other changes occur [37, 38, 60, 95]. Some of the
spectral changes occur in ejecta located almost 1,000 AU from the star, probably
signaling a weakened UV output. Eventually a recurrence period of 5.54 years
was noticed for these events [4–6, 93], good evidence for a binary companion.2

If the mass of the system is between 150 and 240 M� (Sect. 3.2 above), then
a 5.54-year orbital period implies a semimajor axis in the range 16.5–19.5 AU.
Since the dramatic part of each event occurs within Δ t < 120 days, most authors
agree that it must happen near periastron in a highly eccentric orbit. If this means
within, say, ±90◦ of periastron, it implies eccentricity ε > 0.78 and periastron
separation Dmin < 4 AU. Most recent authors assume ε ≈ 0.9 and Dmin ≈ 1.8 AU.
The controversial orientation of the orbit doesn’t need to be discussed here; see
references and caveats in Sect. 6.2 of [60].

Another probable fact should be mentioned. The hot secondary star is thought to
supply most of the helium-ionizing photons, hν > 24.6 eV (Sect. 3.2 above). Thus
it indirectly causes the high-excitation He I, [Ne III], etc., lines, which arise in He+

zones. These are precisely the features that fade or disappear in a spectroscopic
event, and they carry far more energy than the hard X-rays. One can almost define
a spectroscopic event as a temporary failure of the secondary star’s far UV output
[95]. The He+ zones exist in certain parts of the primary wind, in outlying ejecta,
and possibly in dense condensations within the shocked structure. (The secondary
wind can be ignored because its densities are low.) Concerning the emission physics,
see [36, 57, 59, 60] and references cited therein.

Incidentally, there is no reason to think that dust formation plays a significant
role in the spectroscopic events. At a distance of 30 AU from the primary star, for
example – roughly the apoastron separation – the radiation density temperature is
about 2,400 K, which implies grain temperatures close to 3,000 K if we assume
reasonable absorption and emission efficiencies. This is too hot for normal grain
formation, and 30 AU is far larger than the active region near periastron. Invoking
dust therefore violates Ockham’s razor by “multiplying the hypotheses” compared
to other proposed models. It should only be regarded as a last, desperate resort if
other explanations fail – which is not the case, see below.

The observable 2–10 keV X-rays presumably originate in a pseudo-hyperboloidal
shocked region where the two stellar winds collide; see Fig. 3.1, Fig. 2 in [69],
Fig. 3 in [66], and Chap. 9. From 1997 until sometime after 2003, many or most
authors assumed that an event occurs when and because the shocked region passes
behind the primary star’s wind. This opinion arose from a perceived similarity of

2This development merits two historical comments. (1) In retrospect the 5.5-year period should
have been identified when the 1986 event occurred, since [95] had noticed the 16.5-year spacing
of the 1948, 1964, and 1981 events. (Others had passed unnoted in 1953, 1959, 1970, 1975.) But
the 1986 and 1992 events were only minimally reported, see Refs. in [4, 5]. (2) The periodicity
was good evidence for a binary, but not conclusive as most authors asserted. A single-star model
remained conceivable [10, 78]. Even today, a degree of skepticism is justified by the checkered
history of this question. Various points cited as incontrovertible evidence in 1997–2004 were soon
controverted, and turned out to be fallacious. See the Elephant Parable in [10].
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Fig. 3.1 Schematic wind zones during most of η Car’s 5.5-year orbit. A and B are the two stars;
region 1 is the undisturbed primary wind; 2 is the primary wind zone where the secondary star
photoionizes helium; 3 is the wind-wind shocked region; and 4 is the low-density secondary wind.
In reality the shapes are poorly known and the shocks 2|3 and 3|4 have chaotic irregularities,
cf. Fig. 4 in [87] and Fig. 2 in [69]. Zones 4 and probably 3 are transparent and produce very
little near-UV, visual, or IR radiation. Near periastron the overall structure becomes violently
unstable

the X-ray flux behavior to known X-ray eclipsing binaries [37, 69, 86]. But in fact
the resemblance isn’t really very good; the UV and visual spectral features are
more important to explain because they carry far more energy flux; and eclipse
models failed in other respects [9,10,51,66]. The secondary star and shocked region
may pass behind part of the primary wind during or after an event, but the main
phenomena have other causes [51, 60].

At present three proposed effects seem likely culprits. One, two, or all of them
might occur together. They are far more interesting than eclipse effects, because
they may have longer-term implications for the primary star.

1. Enhanced mass loss? The primary star’s mass outflow may increase when the
secondary approaches periastron [9, 51]. If so this would cause some of the
“shell ejection” effects proposed for a single star in the best early account of a
spectroscopic event [95]. It may reduce the 4–16 eV UV output which determines
the strengths of some varying emission lines. This idea appears credible in terms
of tidal forces. The basic tidal perturbation parameter is

χ =
M2

(1−Γ )M1

(
R
D

)3

, (3.1)

where R is the radius of either the primary star or its wind acceleration zone,
D is the separation between stars, and Γ = |grad/gtot| approaches unity at the
Eddington Limit. Most likely M2 is about the same size as (1−Γ )M1, and R is
of the order of 1 AU (Sect. 3.2 above). Moreover, the primary’s rotation rate may
be comparable to its companion’s orbital rate dφ/dt near periastron. Altogether
we should not be surprised if the wind changes when D � 3 AU. (See also [3].)
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Indeed the situation may be synergistic: tidal distortion can lower the local
temperatures, thereby increasing the opacity, so Γ rises, amplifying the re-
sponse.3 A milder version of this idea is that tidal forces may alter the latitude
structure of the wind [78]. Several clues in the 2003 and 2009 spectroscopic
events appear to support enhanced mass outflow, but they aren’t clear enough to
prove it [51, 60].

2. Shock instabilities? The colliding-wind shock structure is expected to become
very unstable near periastron [10, 51, 81, 84]. When that happens, the structure
disintegrates and collapses in a few days or weeks. At most times the slow
primary wind (roughly 500 km s−1) and the fast secondary wind (3,000 km s−1)
each have their own initial shock fronts (Fig. 3.1); the former is always unstable,
while the latter usually stabilizes the overall structure and produces the observ-
able hard X-rays [66,69,81]. The 2–10 keV X-ray emission zone will disappear if
the secondary shock becomes unstable. Equally interesting, the breakup process
can produce a flood of very soft X-rays, due to a complex tangle of subshocks
and oblique flows.

Two specific instabilities have been proposed for this case. First, several
authors [10, 51, 81] emphasized the generic fact that strong radiative cooling
makes a shock unstable [87]. High densities and comparatively low temperatures
(i.e., low shock speeds) favor radiative cooling, and indeed η Car’s primary-wind
shock is probably always unstable for this reason. Near periastron the same may
happen to the secondary-wind shock. Then Soker [84] drew attention to another,
even more promising phenomenon. Near periastron the soft X-rays can increase
the secondary wind’s ionization [85]. If so then the conventional line-driving
acceleration weakens and the secondary wind slows, an effect sometimes called
“radiative inhibition.” The shocks move closer to the secondary star because the
wind-wind momentum balance has been altered. Hard X-rays disappear as the
highest temperatures decrease, soft X-rays dominate, and in an extreme case
the primary wind can overwhelm and suppress the secondary wind.4 The two
instabilities just outlined differ physically but have broadly similar consequences.
They might even occur together.

Observed timescales seem reasonable. The main part of each event occurs in
typically 30 days, and the most rapid part in about 5 days (e.g. [60]). The pre-
collapse shock structure has a size scale 1–3 AU and local relative flow speeds
100–500 km s−1, indicating characteristic flow times 3–50 days. The secondary
star’s orbital speed is of the order of 300–400 km s−1 near periastron.

3Similar behavior was proposed long ago for rotation, with a conceptual relation to the equally
hypothetical “Modified Eddington Limit” instability. See Sect. 5 in [34], Sect. 5 in [96], and [47,
48].
4Meanwhile the soft X-rays and the secondary star’s far UV presumably increase the ionization in
some parts of the primary wind. Tentatively, we can assume that this is a lesser effect because the
primary wind is far denser than the secondary wind.
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During η Car’s 2003 and 2009 events, the dramatic behavior of He II
λ 4687 emission (induced by soft X-rays) vs. 2–10 keV X-rays, was beautifully
consistent with the shock breakup idea; see [51] and especially [60]. Shock
modeling provides other reasons to favor it [66]. Hence we can regard the concept
as nearly proven.

3. Accretion by the companion star? If the primary wind quashes the secondary
wind during a spectroscopic event (see above), then matter from the primary
wind may fall onto the secondary star [1, 41–43, 81, 83, 84]. Only a tiny fraction
of the primary outflow is accreted, but that can be enough to slightly expand
the secondary star’s photosphere, reducing Teff. This fact can greatly reduce the
supply of helium-ionizing photons, which are indirectly responsible for the high-
excitation emission lines that fade or disappear during an event [36, 57, 60, 83,
95]. This idea has implications far beyond the spectroscopic event problem, see
Sect. 3.5 below.

Altogether these three phenomena appear capable of explaining η Car’s spec-
troscopic events so well that there is no immediate need to seek alternatives. The
highest priority for the time being is to test whether these ideas are as good as they
seem to be. Observations in 2003.5 and 2009.0 strongly support process 2, process
3 is a believable consequence, and process 1 appears helpful for other clues [51,60].
The primary wind appears to have changed between 2003 and 2009, so differences
between those two events can be likened to varying parameters in a lab experiment
[59, 60]. Concerning broader and deeper issues, the probable effects listed above
apply also to η Car’s historical development, see Sects. 3.4 and 3.5 below.

But we obviously need realistic simulations of processes 1–3, with emphasis
on “realistic.” In principle they might turn out to be quantitatively fallacious.
Most of the above assertions about soft X-ray production during shock breakup
depend on intuition and semi-quantitative reasoning; we need simulations of
radiative output during the disintegration/collapse, and – harder to conceptualize –
during the later re-formation of the large-scale shock structure. Trustworthy models
are not easy to achieve, and a range of parameter space must be explored. Spherical
or axial symmetry, neglect of inhomogeneities in each wind, oversimplified radiative
processes, etc. can lead to misleading results.

Eta Car’s observable 2–10 keV X-rays have been featured in many discussions
of this topic – arguably at the expense of better indicators – but few authors have
acknowledged how difficult they are to calculate realistically. These hard X-rays
originate near the fast secondary-wind shock, 3|4 in Fig. 3.1. Only a small fraction
of the wind kinetic energy is converted to photons above 1 keV, and the conversion
efficiency depends on inhomogeneities in both winds (“clumping”). The relevant
parameters are extremely uncertain and may involve size scales several orders of
magnitude smaller than the overall shock structure. With strong inhomogeneities,
the observed 2–10 keV flux may be explainable with a secondary-star mass loss
rate much smaller than values assumed in published models such as [69] and [66].
But this, in turn, would alter the estimated ratio of wind momenta, which affects the
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large-scale shock structure, etc. Moreover, the details vary along the secondary star’s
orbit. In other words, the 2–10 keV flux is not a robust component in any model of
the 5.5-year cycle and spectroscopic events.

Brief X-ray maxima or flares tended to recur at 85-day intervals in 1997–1998,
possibly related to the primary star’s rotation and/or pulsation [15]. Since the
confidence level was unsatisfying, this phenomenon received little attention and is
now practically forgotten – but it has not been disproven. Detecting such a pattern
is non-trivial, because models predict systematic drifts in the recurrence interval,
not a strict periodicity. The sequence of X-ray flare times preceding the 1997,
2003, and 2009 events may be worth analyzing. This task requires a sophisticated
mathematical treatment allowing for quasi-periodicity and differences between the
events.

Some spectral changes persist for many months after an event, albeit usually at an
undramatic level [95]. Likely reasons involve the varying geometry of gas densities
and ionization as the hot secondary star moves along its orbit; see, e.g., [57,60] and
many references therein.

3.4 The Great Eruption

Experts on stellar evolution have been slow to acknowledge disquieting symptoms,
hints of major gaps in existing theory that no one has tried hard enough to close.
A recent example has been the controversy about steady vs. episodic mass loss (e.g.,
[23, 70] and older Refs. in [34]). If history is any guide, the present-day consensus
is influenced by a collective desire to preserve the validity of dozens of heavily
cited publications. A related but much less discussed case has been η Car’s Great
Eruption of 1830–1860, the prototype supernova impostor event (Fig. 3.2). Apart
from a few generalized, qualitative speculations, stellar astrophysicists have not yet
explained the basic facts which were known decades ago [12, 34].

Unusual problems like these receive little theoretical attention today, not because
they are unimportant but because they seem unsuited to existing computer codes!
Meanwhile a few promising insights mentioned below have a tantalizingly unfin-
ished air about them. They need and deserve further effort.

As usual let’s begin with some quantities. The observed infrared spectrum of
the Homunculus, 3–200 μm, indicates a dust mass which should imply the ejecta
mass. With plausible assumptions about grain parameters and the dust/gas ratio,
one finds that 10–40 M� of material was ejected in the Great Eruption [75, 76, 79].5

Note, however, that the quantitative assumptions are less secure than some authors
suggest. Recent accounts note that the gas/dust ratio may be higher than “normal”
because oxygen and carbon are scarce in this case; but they give less attention to

5Earlier estimates [12] were too small chiefly because they neglected the coolest, far-IR dust.
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Fig. 3.2 Apparent visual brightness of η Car before 1890, using modern calibrations of the
records [22]. Values during the eruption are based on specific comparisons with well-known bright
stars. The horizontal dashed line shows the maximum that is possible if L1 ≈ 4.5 million L�

uncertainties in the IR emission efficiency, which may also be abnormal if the grains
have unusual compositions and sizes. Theoretical work on grain formation, sizes,
and radiative efficiencies in CNO-processed material might be useful here. In one
respect the difference between 10 and 40 M� is not great: either value would fill
roughly the outer 50–75% of the pre-outburst star in terms of linear radius.

What about energy? Suppose for example that ΔM = 15M� was ejected from a
160 M� star. Then the kinetic energy at 600 km s−1 is about 5× 1049 ergs, and its
pre-outburst binding energy, gravitational minus thermal, was very roughly 6×1049

ergs. (Since this estimate refers to outer layers, it depends only mildly on the star’s
internal structure.) The total is roughly proportional to ΔM. To some extent we
can also guess the radiative energy release. Using magnitudes listed in [22] and
assuming a bolometric correction near zero [7], the record suggests roughly 4×
1049 ergs of extra radiation between 1835 and 1858, in addition to the star’s normal
luminosity. This is probably an underestimate, because we’ve ignored extinction by
dust forming in the ejecta. (Is it significant that each of the above three contributions
has more or less the same size?) Summary: We should contemplate an energy release
of the order of 2× 1050 ergs in a duration of order 10–20 years. This was roughly
20 times as large as the radiation that would have normally emerged in that time.

The 1596–1870 historical record [12, 22] appears to show three characteristic
timescales (Fig. 3.2). First, the star very likely grew in brightness after 1700.
Admittedly this claim rests on only one or two reports around 1750, but one of
those observations was rather good [22], and, independently, some other supernova
impostors or related objects brightened in a qualitatively similar way before erupting
[35]. Such brightening indicates a progressively denser wind, but for η Car we
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cannot tell whether this occurred steadily or sporadically.6 Either way, a pre-outburst
timescale of the order of a century seems likely though not absolutely proven.

Next, the eruption itself was temporally ill-defined. It became noticeable some-
time between 1820 and 1837, growing unsteadily [22]. At later times, probable
circumstellar extinction makes the end of the event almost impossible to quantify.
Given the luminosity and the outward speed of the Homunculus, we expect dust
grains to have formed about 3 years after their material was ejected. In this sense
maybe we should be surprised that η Car was still bright in the late 1840s, several
years after maximum brightness. It certainly did fade progressively after 1850. We
simply do not know how long the eruption continued, obscured by dust; very likely
something was still happening after 1855. In summary, the duration was somewhere
in the range 10–40 years, depending on assumptions and definitions. The thermal
timescale for the outer 10–20 M� of the pre-outburst star would have been of the
order of 300 years, judging from the energy budget mentioned earlier.

Fluctuations during the event may indicate another, much shorter timescale
seldom emphasized in the literature. On one occasion near the peak brightness
in 1843, an experienced observer explicitly recorded a temporary 1.5-magnitude
brightness drop within a 2-week interval [22]. Lesser fluctuations in intervals of a
few weeks were also reported in 1843–1844. Since the observers recorded specific
comparisons with bright, well-known stars, we cannot dismiss these changes merely
because they seem strangely rapid. Eta Car’s opaque-wind photospheric radius must
have been 15–30 AU in 1843, implying a characteristic flow time of 40 days or
so. Was it possible for the outflow rate, or its morphology or something, to vary
fast enough to explain the reported brightness fluctuations? If so, does this tell us
anything about the instability? So far this puzzle has gotten practically no attention.

Did the explosion occur in the star’s outer layers or in its core? We usually
assume the former but a few authors have advocated the latter [12, 29]. In recent
years “pulsational pair instability” has attracted attention as a possible mechanism
for a pre-SN outburst in a very massive star [94]. Two observed SNae are even
known to have had precursor outbursts [24, 67]. Unfortunately the time interval
depends on too many factors to be predicted; in this scenario η Car might explode
next Thursday, or maybe 1000 years hence. Certain observational facts have been
interpreted as evidence for a central explosion. For instance, flow speeds exceeding
2,000 km s−1, possibly up to 6,000 km s−1, occur in ejecta outside the Homunculus
lobes [17, 74, 92]; Smith [74] took these to indicate a core-explosion “blast wave.”
But one senses a likely non sequitur, because any outward-moving shock accelerates
through the negative density gradient of a star’s outer layers and wind. There is no
absolute need for it to originate in the core.

Intuitively, at least, three empirical facts appear to disfavor the central-explosion
hypothesis. (1) Most of the ejected mass escaped toward fairly high latitudes, in
the bipolar Homunculus lobes [15, 73, 79]. This is quite unsurprising for an outer-
layer instability which depends both directly and indirectly on surface rotation, but

6Some visible outer material may have been ejected before 1800, see Sect. 3.6.
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requires special explanation in a central explosion scenario. (Dress rehearsal for a
GRB?) (2) As mentioned above, η Car probably brightened in the century preceding
the event. This timescale seems reasonable for diffusion and spin-up times related
to the emergence of a surface instability (cf. Sect. 3.5 below), but really dramatic
instability in an evolved stellar core tends to occur too quickly for the surface
to change much beforehand. (3) The same comment also applies to the duration
of the eruption. These arguments are not strong enough to prove anything, but
they motivate a tentative preference for the outer-layer hypothesis (see, however,
Sect. 12.4 in this volume).

A related point concerns the amount of ejected mass. Proposed instabilities in
the outer layers generally occur at near-surface depths with much less than 1 M�
of overlying material; so how could 10–20 M� be ejected? A natural answer is
the “geyser” analogy: as outer layers successively depart, the instability propagates
downward through material that was initially deeper until some structural factor
stops it [8, 11, 34, 50].7 Presumably the removal of each successive layer exposes
thermal energy that was formerly trapped, thus causing the surface or sonic point to
remain super-Eddington. This old conjecture emphasizes a double question: Why
and when does it cease to be true, ending the eruption? The answer probably
involves adiabatic expansion, but in any case it is crucial for the overall problem.

The past few years have seen no major additions to the list of near-surface in-
stabilities [26,34,47,68,72]. Leading suspects are the alarmingly complex “strange
modes” [25–27]. These do not absolutely depend on opacity, but they tend to be en-
couraged by opacity peaks such as that which occurs around T ∼ 105.5 K. Once the
super-Eddington outflow begins, the concept of radiative porosity becomes essential
(see [72], and Chap. 12). This phenomenon may itself help to create an opacity-
dependent “modified Eddington limit” instability just below the photosphere,
qualitatively like an older hypothesis (Sect. 5 in [34]). Alas, even though these ideas
are now growing old, they have not been developed to a state sufficient for a realistic
eruption model. They deserve far more attention than stellar theorists have allowed.

Rotation, obviously pertinent if the bipolar Homunculus is any guide, deserves
a few extra comments. The companion star might either stimulate or simulate
rotational effects, but that problem is too daunting for now. The simplest initial
approach is to pretend that η Car is a single rotating star. Standard accounts
of rotation give only minimal guidance for the eruption problem, because they
concentrate on steady mass-loss with few predictions of expected rates [20, 47–
50, 65]. An eruption, with rapid internal shifting of specific angular momentum, is
quite a different proposition. Here are a few puzzles too conspicuous to ignore:

1. Was rotation essential for the Great Eruption? (Temporarily ignore the com-
panion star.) The oft-cited “Omega limit” or “ΩΓ limit” merely amounts to
supplementing the Eddington fraction Γ with a R3ω2/GM term; this does not

7This is the Lagrangian view, of course; members of the Eulerian party say instead that inner layers
expand outward through the instability zone. The word “geyser” was first applied in this connection
at a meeting in the 1980s – probably [8] – but later was sometimes used as a name for a specific
instability model [50]. In fact the analogy is fairly general.
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by itself imply a catastrophic event any more than the classical Eddington limit
does [34, 49]. If, however, the latitude variations of surface temperature and
opacity play a role, then one can imagine various useful phenomena. At least
one speculative example has been called “synergistic” [96].

2. Why was the mass ejection essentially polar, rather than, say, equatorial? At first
sight this looks like the question discussed for stellar winds in Refs. [20, 65, 78].
But in fact it is more complex, because η Car’s eruption rapidly ejected material
from most of the volume including zones down to r � 0.5R0. No doubt radiation
was channeled toward the poles because those were the easiest escape routes, von
Zeipel style; but does this idea lead not only to an enhanced wind but to eruptive
instability? Or, alternatively, is bipolarity a red herring?

3. How significant is the angular momentum budget? Mass was ejected mainly
toward latitudes within 35◦ of the poles, less than 18% of the spherical solid
angle [16, 73]. Since most of this mass came from initial radii r ∼ 0.5R0 in the
star, we have a near-paradox or at least a clue. For illustration, imagine a massive
star with fairly rapid solid-body rotation. Suppose that it suddenly loses, e.g.,
the outermost 1% of its mass, which filled roughly the outer 35% of its radius.
Material just inside that limit then expands on a dynamical timescale, �30 days,
to almost the original radius R0 – thus reducing the surface rotation speed so
rotational effects decrease by a factor of 3 or so. Hence any further mass ejection
should be comparatively spherical. (Subsequent spin-up of the outer layers will
take a much longer time.) Since η Car continued to shed 5–20% in a highly
latitude-dependent fashion, obviously its story must be different. As an opposite
case, imagine a loss of polar material carrying little angular momentum. Angular
momentum per unit mass left within the star thereby increases, accentuating
rotational effects. Since these must have been substantial to begin with (otherwise
why should the initial ejection have been polar?), the situation will soon get out
of hand. Overall implication: The escaping angular momentum per unit mass
must have been regulated so that it became neither too large nor too small. Note,
again, that this statement follows from the large amount of rapidly ejected mass
ΔM, in contrast to a snapshot of an ordinary latitude-dependent stellar wind. It
may be a clue to the initial distribution of angular momentum, the nature of the
instability, the resulting internal flow pattern, or all three. Very likely these will
eventually suggest a reason why the eruption later stopped.

4. Did the companion star cause the Great Eruption? This possibility has been
obvious ever since the 5.5-year cycle was discovered [4,9,44,46,76]. Intuitively
it makes sense: one can imagine the primary star expanding and approaching
some outer instability as it evolved, while the secondary had little effect at most
times but came dangerously near at periastron, etc. Tidal effects apply even more
forcefully to a latent stellar instability than they do for recent spectroscopic
events (Sect. 3.3 above), and some of their consequences may be analogous
to rotation. But all attempts to correlate the eruption time with the 5.5-year
cycle are highly speculative, because we do not have enough information about
the mass-loss history between 1840 and 1950 to calculate the orbit evolution.
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Consider, for instance, the Great Eruption itself. With a constant mass-loss rate
throughout the cycle, an orbit’s semi-major axis a and period P increase so that
a ′/a ≈ M/M ′ and P ′/P ≈ (M/M ′)2 with little change in the eccentricity. (M
is the total mass of the system, and post-event quantities are primed.) But if the
mass loss is concentrated near periastron in an eccentric orbit, then these effects
become far larger and the eccentricity grows.8 Altogether these facts imply a
period less than 5 years, possibly less than 4 years, before 1840; and a substantial
fraction of the change may have occurred after the 1843 peak. Therefore we
cannot meaningfully “predict” the timing in 1843, say, based on the present orbit.
Moreover, since the mass loss and eccentricity interact in a fairly complicated
way and we do not know dM/dt as a function of time in 1840–1870, we cannot
deduce much from the brightness record in Fig. 3.2. The orbit continued to evolve
afterward. Since the total mass lost after 1900 may have been anywhere in the
range 0.05–0.5 M� [36], and dM/dt may have varied with phase in the orbit, the
period in 1900 may have been as short as 2000 days or as long as 2023 days;
which implies a range of more than half a year in the time of periastron passage
closest to the 1890 second eruption (Sect. 3.5). This fundamental uncertainty has
no bearing on the credibility of a periastron-triggered eruption, but it eliminates
the most obvious method of proof. The basic hypothesis remains very appealing
but there is no clear way to confirm or disprove it. It obviously deserves attention.

Provocation by the secondary star may help to account for the long duration of η
Car’s event. Other giant eruptions or supernova impostor events typically end after
a year or so, anyway less than 5 years, see [35] and Chap. 11. In the case of η Car
the secondary may have triggered the event earlier than would have occurred with a
single star, and then may have stirred the instabilities in recurrent periastron visits.9

Two more remarks in this vein: (1) The velocity kick given to the system by mass
ejection is probably undetectable. With reasonable parameters the center-of-mass
velocity may have been changed by 5 km s−1 or so. (2) The Great Eruption cannot
by itself account for the full eccentricity of the present-day orbit. With a periastron
distance less than 3 AU, one naturally suspects that the orbit was once circular. Even
with the most favorable assumptions, however, the system would have needed to
lose at least 90 M� in order to increase the eccentricity from ε ≈ 0 to the current
value ε � 0.85 (cf. [44]). Estimates of the Homuculus mass don’t go that high. Is
this a hint of earlier eruptions hundreds or thousands of years ago?

Distinctions between “massive” and “very massive” stars include qualitative
physical effects. For instance, stellar activity may play a role in η Car as though
it had a cooler photosphere. Convection becomes very easy to induce near the

8These statements neglect the small fraction of material that falls onto the secondary star rather
than escaping from the system [44, 82].
9The basic suggestion, that η Car’s companion star caused its eruption to persist longer than normal
for a supernova impostor, is due to R. M. Humphreys (unpublished).
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Eddington Limit – especially in zones with substantial absorption opacity – while
strong interior turbulence arises from shear rotation and possibly tidal effects. This
line of thought implies magnetic fields as well. Therefore we should not be very
surprised if analogs to solar flares, prominences, etc., exist at the base of the wind,
even at temperatures well above 104 K. They might be energetic enough to help
drive the wind or at least to influence its structure, e.g., regarding inhomogeneities
and the asymmetrical flows noted below.

Finally, concerning the Great Eruption, we mustn’t forget the Homunculus’ fa-
mous equatorial skirt, unusual among bipolar nebulae. This isn’t merely an example
of latitude-dependent bistability [45]. Instead of being circularly symmetric, the
equatorial structure has radial streamers, rays, and jets [19, 28, 55]. The ragged,
irregular morphology near the Homunculus midplane may signal an undiagnosed
aspect of the eruption physics [2]. Asymmetric local flows may result, e.g., from
periastron tidal forces, or from stellar quasi-activity as mentioned above; this
theoretical territory has scarcely been explored. The same can be said of the large-
scale bipolar structure’s obvious deviations from axial symmetry [16, 63, 80].10

Even more peculiar are some radial “strings” of material outside the Homunculus
[56, 91], having Doppler speeds consistent with ejection during or earlier than the
Great Eruption; see Chap. 8. They are practically as narrow as possible (age× speed
of sound) and they resemble aircraft contrails in the sense that they are not exactly
straight. The word “bullets” has repeatedly been invoked as a way to form a string,
but it doesn’t explain why they exist. This is another astrophysical puzzle in serious
danger of being forgotten without having been solved.

Rest et al. [71] have detected a light-echo spectrum of η Car’s Great Eruption.
They assert that its temperature and other details contradict existing views of the
nature of that event. In fact, however, the deduced temperature is ill-defined and the
spectrum appears reasonably consistent with what one expects from Fig. 1 in [7].
The arguments are too lengthy to review here.

3.5 Aftermath and Recovery

The observational record suggests that η Car is still recovering in an unsteady
manner, which ought to tell us something (Fig. 3.3). Elementary considerations
give only vague pointers to the expected timescale. If extra energy to power the
eruption came from the star’s outer surviving layers, then a strong entropy gradient

10 The two-lobes-plus-skirt morphology even had an effect on popular culture. Soon after color
HST pictures of the Homunculus appeared in the mid-1990s, space explosions in the revised Star
Wars and other Hollywood films suddenly became bipolar with equatorial skirts; and fireworks
manufacturers followed suit. Ironically, some of the most conspicuous “equatorial” features in
images of the Homunculus later turned out to be illusory, but Doppler velocities show that there
really is an equatorial structure [16].
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Fig. 3.3 Visual-wavelength photometry of η Car from 1870 to 2010, (Adapted from [36,52,60]).
See also a similar figure in the Chap. 1. Ground-based data (left) include ejecta plus central star,
while HST data (right) refer only to the central star or rather its opaque wind. Arrows point to
episodes described in the text

must have resulted, causing extremely vigorous convection. If the “normal” thermal
timescale for the most relevant zones was 100–300 years (Sect. 3.4 above), and
the post-event convection transported heat much faster than normal, then we can
reasonably expect basic thermal recovery to occur in much less than 100 years –
say 10–50 years, perhaps. The event should have altered the rotation and magnetic
fields, since the outermost surviving layers had to expand by a factor of order
2. Subsequent readjustments shouldn’t be much slower than a turbulent diffusion
timescale. According to fluid lore, we can very crudely assess this quantity by
calculating a sort of equivalent viscosity νeq which makes a Reynolds number of
order 300, and then interpreting νeq as a diffusion coefficient. Thus

ℜ =
�u
νeq

∼ 300 −→ tdiff ∼ �2

νeq
∼ 300

�

u
, (3.2)

where �, u are a local characteristic length and relative speed, e.g. in a rotational
shear flow. If we choose � ≈ 0.5 AU and u ≈ 30 km s−1 – plausible values for the
outer 0.5R∗ after the eruption – then tdiff ∼ 25 years. Summary: If forced to predict
the recovery timescale with no additional information, one would most likely guess
a value appreciably less than the time that has now elapsed since the eruption. But
this discrepancy is less than an order of magnitude, almost satisfying in view of the
underlying complexity.11

11 If we informally visualize the recovery as something like 1−exp(−t/tc), then several timescales
of tc may indeed have elapsed since 1860.
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Figure 3.3 shows three extraordinary episodes since 1880: an LBV-like outburst
around 1890, a sparsely-observed change of state in the 1940s, and another that
began in the 1990s. Varying extinction, reflection, and emission in the ejecta make
the photometric record hard to interpret, but each episode was also marked by
spectroscopic changes. Five distinct eras have spanned 120 years:

1. First, the “little eruption” around 1890. In the absence of circumstellar extinction
from the Great Eruption, it would probably have attained mV ≈ 1.6 [32, 35];
we know this because the spectrum temporarily resembled an F-type supergiant
star, signaling an opaque wind with bolometric correction near zero [34, 36, 89].
The 1890 event produced a bipolar “Little Homunculus” nebula inside the big
one, plus equatorial debris and most likely the slow “Weigelt condensations,”
altogether 0.1–1 M� – see [16, 39] and Chaps. 5–7. It occurred about one
thermal or diffusion timescale (in some sense) after the Great Eruption, or ∼103

dynamical timescales.
2. In 1900–1940 Eta Car had a rich emission line spectrum. A naive textbook-

style estimate of the circumstellar extinction – with the known mass distributed
uniformly in a shell, a conventional dust/gas ratio, etc. – would have predicted a
visual brightness below 10th magnitude but in fact it was much brighter than
that. Modern images of the Homunculus show “granulation” or porous local
structures, allowing light to escape preferentially along the easiest paths between
density maxima. No one has yet attempted to model this situation quantitatively.

3. Something like a change of state occurred between 1939 and 1953. The
brightness rapidly grew, culminating abruptly in 1951–1953, see Refs. in [36].
Meanwhile He I and other high-excitation emission lines first appeared [21].
These are indirectly excited by UV from the secondary star, and their absence
before 1940 is not easy to explain [9, 36]. Maybe the primary wind was then
dense enough to force accretion onto the secondary star, thereby lowering its
Teff and reducing its supply of relevant far-UV photons [60, 83]. If true this
account implies a mass loss rate considerably above 10−3 M� year−1 before
1940, possibly ∼10−2 M� year−1. A conventional line-driven wind cannot attain
such high values; continuum driving and perhaps other processes must have
played major roles.

4. For about 40 years after 1953, η Car brightened at an average rate of about 0.02
magnitude per year, with temporary excursions smaller than ±0.3 magnitude.
Most of the emergent light was scattered by dust in the Homunculus, though,
rather than coming directly from the star. The 1953–1993 brightening is cus-
tomarily attributed to expansion of the Homunculus, but no one has attempted
a realistic model of radiation scattering through the inhomogeneous structure.
Note, by the way, that all spectroscopy of η Car before 1991 was strongly
contaminated by light scattered or emitted in the ejecta. The spectrum of the
central star itself – strictly speaking its opaque wind – was not observed until
HST became available [14].
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Fig. 3.4 Secular weakening
of emission lines in η Car’s
wind, (Adapted from [58]).
These are mostly permitted
Fe II lines. Both spectra
represent nearly the same
phase in the 5.5-year cycle,
normalized to have the same
continuum level

5. Another episode of rapid change began sometime between 1993 and 1998.
In this case the HST made it possible to observe the central stellar wind,
whose continuum seemed to brighten by more than a magnitude in only several
years (Fig. 3.3, and [52, 53]). Then the stellar wind emission lines weakened
dramatically between 2004 and 2010 – the most remarkable development in this
topic in recent years. See Fig. 3.4 and [58,60]. An obvious, but not entirely simple
interpretation is that the primary star’s mass loss rate has rapidly decreased
by a factor of order 3. This implies increased UV radiation, tending to either
destroy or inhibit the formation of circumstellar dust grains. According to this
interpretation, the apparent brightening is due mainly to decreased circumstellar
extinction; the intrinsic continuum has shifted somewhat toward the UV; and the
stellar wind emission lines really have weakened substantially. If so, then the
wind has at last begun to approach again the state that Halley saw before 1700,
Sect. 3.2 above. Indeed, judging from the total amount of change, it may already
have reached that condition.

It is a curious fact that η Car has exhibited strange behavior – changes of state,
one might say – at intervals of about 54 years: circa 1836, 1890, 1944, and 1998 [32,
35]. This is far too long to be a dynamical wave, but might it be a subtle reverberation
timescale in thermal or diffusion phenomena in the outer layers? If so its value,
∼50 years and not 25 or 100, may indicate something about the structure.

Even if we ignore the above speculation, the timescale and especially the
unsteady character of η Car’s “recovery” should provide structural information
that is not available in other very massive stars. Yet they have received practically
no attention among theorists. We do not even know why a huge mass-loss rate
– probably too high for a line-driven wind – persisted a century after the Great
Eruption.
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3.6 Other Puzzles, and Summary

Did η Car suffer earlier explosions? Existing data contain shadowy hints of ejection
events before 1800 [64, 90, 96]. It’s hard to be sure of these, because one can easily
imagine effects that can produce illusory ejection dates, and also because we would
need to fit the suspected events into the photometric record [22]. The present-day
highly eccentric orbit may also be a hint of considerable mass loss before 1800, as
mentioned in Sect. 3.4. Unlike most of the problems featured above, this one needs
observational rather than theoretical work.

...And, speaking of “shadowy,” here’s an archaeological connection. One of the
nineteenth century early interpreters of cuneiform suggested that η Car erupted
around 5,000 years ago, based on various clues plus a well-known Sumerian myth
associated with the city of Eridu [13, 34, 40]. Eighty years later a popular-level
author linked the same myth to the Vela SN [62], but the η Car version is far more
believable in terms of historical chronology. Altogether this riddle is extraordinary
because, although twentieth century archaeology provided no further support, it now
seems astrophysically credible in ways that the original author could not foresee!
Some sort of miraculous discovery would be delightful, but, alas, the conjecture
was more likely wrong than right, and by now it would be very hard either to prove
or to disprove.

We can do something about the near-future observational record. As noted in
Sect. 3.5, η Car’s brightness and spectrum have changed dramatically since 2003.
This trend may continue or it may already have reached completion. Spectroscopy
and UV photometry of the central wind are essential, i.e., this is a job for HST and
other instruments with spatial resolution better than 0.3 arcsec. As this is written
in late 2011, however, well over a year has passed since the last UV photometry
and there seems little prospect that more will be done in the forseeable future. This
fact is a consequence of decisions made by telescope allocation committees – cf. a
parallel instance on p. 224 of [5] – but its effect on the observational record will be
permanent. The current behavior cannot be observed again 5, 10, or 40 years from
now; and no other object is likely to provide a substitute.

Meanwhile, as emphasized above, the theory of very massive star evolution in
general cannot be secure until η Car’s mass loss history has begun to be understood.
Ultimately it may prove to be merely an abnormal special case; but so far there is
no strong evidence to that effect. For all we know, for example, the high masses
attributed to Pop III stars might be impossible due to the same eruptive instability.
A potential theoretical pitfall this big obviously merits attention.
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Chapter 4
The Winds of Eta Carinae and Other Very
Luminous Stars

Francisco (Paco) Najarro and D. John Hillier

Abstract The winds of Eta Carinae, other related very luminous stars, and
candidate LBVs are reviewed. While ground-based spectra of η Car are influenced
by multiple emission regions, HST observations by the Space Telescope Imaging
Spectrograph allow us to investigate the primary star’s spectrum in depth; the
spectrum that is of its opaque stellar wind. Detailed modeling of the primary star
and its dense wind is discussed. We illustrate the influence of the mass-loss rate
on the spectrum of the primary star, and show that an accurate estimate for the
hydrostatic radius cannot be obtained. Deficiencies in the model are highlighted and
we discuss the influence of the binary companion and possible departures of the
wind from spherical symmetry. A review of the stellar and wind properties of other
very luminous Galactic stars is included to illustrate that η Car is not unique and
has some close relatives.

4.1 Introduction

All evolved, massive hot stars have winds, although the wind density varies greatly
from object to object. In the hottest stars P Cygni profiles are more prevalent in
the UV, but for lower temperature stars with strong winds (e.g., P Cygni [88], HDE
316285 [48]) the optical spectra are dominated by classical P Cygni profiles – line
profiles showing both emission and blue-shifted absorption. The line spectrum of
η Car, due to its dense wind, is more dominant than in other stars, and differs
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from other similar stars in that at most epochs Hα and other prominent lines do not
display P Cygni absorption. In this chapter we describe this spectrum and wind. We
discuss a model for η Car’s wind (Sect. 4.2.1), the hydrostatic radius (Sect. 4.2.2),
the He/H abundance (Sect. 4.2.3), non-spherical effects (Sect. 4.2.4), the accuracy
of the mass-loss rate determination, and the influence of the mass-loss rate on the
observed spectrum (Sect. 4.2.5), the UV spectrum (Sect. 4.2.6), and the potential
influence of the binary companion on the observed spectrum (Sect. 4.2.7).

We then review a sample of other, perhaps less complex very luminous stars in
our galaxy which may provide further insight into η Car’s spectrum. Our starting
point will be P Cygni, a “well behaved LBV” (i.e., less complex than η Car) which
last had an eruption in the 1600s. We then proceed to complicate the picture with
a “half way” object: HDE 316285, and finally, we introduce some relatively new
Galactic objects which have been discovered thanks to the IR detector revolution
that occurred in the 1990s.

4.2 Eta Carinae

Ground-based spectra of η Car are dominated by broad emission lines of H, He I,
and Fe II, and narrow lines of the same elements, together with strong [Fe II] [3, 34,
38,44,91]. Many of the latter lines also show a weak broad component. Interpreting
the complex line morphology is difficult; more than one emission region contributes
to the observed spectra and the lack of spatial resolution means that it is impossible
to determine a unique model.

The situation improved when Hillier and Allen [2, 44] undertook spectroscopic
mapping of the Homunculus. Their observations confirmed earlier work [66, 92]
that the Homunculus was primarily a reflection nebula. Surprisingly, however, the
narrow components and [Fe II] lines were much weaker in the Homunculus than
they were in the central core. The reflected spectrum resembled that of the LBV
candidate HDE 316285, which is dominated by broad P Cygni profiles of H, He I,
and Fe II, with only weak [Fe II] [48] (see Sect. 4.3.2 below). Therefore Hillier and
Allen proposed that the line of sight to η Car, the central star, has much greater
extinction than that for the region emitting narrow lines (See also [19]).

Improved spatial resolution became available with the advent of Hubble Space
Telescope (HST). Spectroscopy by Davidson et al. [19, 20] spatially separated the
star itself and showed that the narrow emission components arise from nearby slow
ejecta including the “Weigelt blobs.” Those early results were later confirmed by
excellent data from the Space Telescope Imaging Spectrograph (STIS) [21,37]. The
star’s spectrum (or rather, that of its opaque wind) is indeed similar to that of HDE
316285, though η Car’s emission lines are much stronger, particularly Hα [49, 50].
There is another important difference: the spectrum of η Car varies, showing strong
P Cygni absorption for Hα and Fe II only at some epochs [50, 76, 86].
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The HST observations show that the broad emission components of the [Fe II]
lines arise from the outer wind. They are easily visible in ground-based spectra
because of differential extinction by dust – the continuum emitting region suffers a
higher extinction than does the [Fe II] emitting region. As a consequence the [Fe II]
emission lines appear stronger against the background stellar continuum [49].

With optical HST and UV spectra, it is feasible to model the central star to
determine its parameters.

4.2.1 Modeling the Wind

Our analysis of the observed spectrum employs the radiative transfer code CMF-
GEN [45], which assumes spherical geometry, solves for the radiation field in the
comoving frame, and allows for “line-blanketing” by tens of thousands of bound-
bound transitions. We typically included H I–III, C II–V, N I–V, O I–IV, Na I–II,
Mg I–III, Al II–IV, Si II–V, Ca II–III, and Fe˙II–VI while large models also contained
Ti, Cr, Mn, Co, and Ni ions [50]. The modeling reviewed here concerns only the
unstable primary star. The influence of the companion star is discussed in Sect. 4.2.7.

We adopted L = 5.0× 106 L� and d = 2.3 kpc. Free parameters were the radius
R∗ for a given small flow velocity, the mass-loss rate Ṁ, chemical abundances,
and the velocity law. We generally assumed a β velocity law, V (r) = (1−R∗/r)β ,
except that an exponential density distribution was adopted below the sonic point,
and some models had an extended acceleration zone in the outer wind. The wind of
η Car is extremely optically thick; in LBV jargon, it has a “false photosphere” [53].
This fact, together with uncertainties concerning what is being observed [49], make
it extremely difficult to determine stellar parameters for the primary star.

The model adopted by Hillier et al. in 2001 [50] had the following parameters:

logL∗/L� = 6.74,
R∗(τ = 155,V = 0.32kms−1) = 60.0R� (T2/3 = 35,310 K),
R∗′(τ = 10,V = 177kms−1) = 99.4R� (T2/3 = 27,433 K),
R∗′′(τ = 0.67,V = 375kms−1) = 881.0R� (T2/3 = 9,210 K),
Ṁ = 1.0× 10−3 M� year−1,
v∞ = 500 kms−1,
H/He ∼ 5.0 by number (Y He ∼ 0.45),
Volume filling factor f (r) = 0.1+ 0.9exp(−v(r)/vcl), where

vcl = 100 kms−1 and r(vcl)∼ 1.25R∗.

In the above, τ is the Rosseland mean optical depth, which is primarily set by
electron scattering. The strong wavelength dependence of the absorptive opacity can
be seen in Fig. 8 of Hillier et al. [50]. Classically the effective temperature of a star is
defined at τ = 2/3, and provides a rough characterization (through the analogy with
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the temperature of a black-body) of the energy distribution of the star. However, in
an extended scattering atmosphere the analogy breaks down, and no single number
can necessarily be used to characterize the spectrum. This is the case for η Car.1

The volume filling factor, f (r), allows for clumping in the stellar wind; in the
present models it reaches a minimum value of 0.1.

Reasonable fits to the observed spectra were obtained, with the H I and Fe II

emission line strengths in good agreement with data. To fit the March 1998
HST/STIS spectrum a visual extinction of seven magnitudes was used; this high-
lights the importance of circumstellar extinction. To characterize the unusually weak
wavelength dependence of η Car’s extinction, we used the extinction law from
Cardelli et al. [6] with R= 5.0, E(B-V)= 1.0, and an additional 2 magnitudes of
grey extinction. Two major discrepancies were found. First, the calculated P Cygni
absorption components tend to be stronger than observed. Second, the model was
not in agreement with the observed UV spectrum shortward of 1,600 Å. This model
was fit to a spectrum obtained soon after the 1998.0 spectroscopic event which
differs from the “normal” spectrum; the “normal” spectrum has similar emission
line strengths but the P Cygni absorption components on Hα , Hβ , and many Fe II

lines are very weak, if not absent. The lack of P Cygni absorption components
in the “normal” spectrum is very difficult to explain with a spherical model (see
Sect. 4.2.5). Interferometric observations support the basic size scale [98].

The predicted theoretical spectrum is not that of a black body (Fig. 4.1), which
has important implications when modeling the excitation of the Weigelt blobs (see
Chap. 5). The spectrum illuminating the Weigelt blobs must depend strongly on the
location and nature of the cavity created by the bow shock arising from interaction
between the winds of the primary and secondary stars, since this influences the shape
and location of the UV photosphere. Moreover, at some UV wavelengths the wind
is opaque out to quite large radii.

4.2.2 The Hydrostatic Radius

The wind is so thick that for most models the emergent spectrum is insensitive to the
radius of the star’s quasi-hydrostatic interior (i.e., Rs= radius where V (r) ≈ sound
speed). The emergent spectra for winds of Wolf-Rayet (W-R) stars, by contrast,
depend on Rs, though derived values may depend on the adopted β [41].

1[Editor’s note:] τ = 2/3 is standard usage for photospheres and diffuse winds, but it has little
mathematical or physical significance in an opaque wind. The parameter Tc, defined by 2.7kTc =
L/(photon output), is somewhat more representative, because a diffuse spherical configuration
allows much easier photon escape than a plane-parallel geometry, see [13, 52, 53]. For a gray
opacity Tc is much hotter than the temperature at τ = 2/3. Hillier (priv. comm.) remarks that
heavy reprocessing of the UV prevents this from being true in his model for η Car.
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Fig. 4.1 Comparison of theoretical spectrum with black body spectra at 104 K, 1.5× 104 K and
2.0× 104 K. The black body curves have been shifted vertically to match the model spectrum at
8,000 Å, while the model spectrum was smoothed (R/ΔR = 1,000) for clarity

Fig. 4.2 Comparison between model spectra with hydrostatic radii of 60 R� (grey line) and
480 R� (thin black line). With the exception of the He I lines (e.g., at 5,876 Å) the spectra are
very similar. If most of the He I emission is related to the companion star, as now believed, very
large radii for the primary star are favored. With the exception of Hβ and the He I/Na D complex
at 5,900 Å, most of the features in the spectra are due to Fe II

With the adopted velocity law, sizes smaller then 60 R� tend to produce He II

λ 4686 emission exceeding the observations [22, 64, 89]. Also, we now know
that most of the He I emission does not come from the primary (Sect. 4.2.3).
Thus Rs ∼ 240–480 R�, about 1–2 AU, would be consistent with the observations
(Fig. 4.2).
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This large radius has important consequences for the binary model. The separa-
tion between the two stars’ centers at periastron is

r12 ≈ 3.3

(
M1 +M2

150M�

)1/3(1− e
0.2

)
AU ≈ 700

(
M1 +M2

150M�

)1/3(1− e
0.2

)
R� ,

which is not very much larger than the primary Rs (cf. tidal comments in [14]).
Almost all authors favor orbital eccentricities e in the range 0.75–0.9.

4.2.3 H/He Ratio and CNO Abundances

Since He is not fully ionized in the wind, there is a degeneracy between the derived
mass-loss rate and the N(H)/N(He) abundance ratio. The same uncertainty was
found earlier for HDE 316285 [48]. The value of N(H)/N(He) adopted for η Car
is consistent with that inferred from outlying ejecta [18], and gives consistent metal
abundances at the factor-of-two level. Since the eruption of the 1840s may have
ejected more than 10 M� of material [87], it is possible that N(H)/N(He) for the
primary star should be lower than that inferred from the nebular lines.

It now appears that most of the He I emission is due to the radiation field of a
hot companion star, not the primary [16, 23, 51, 54, 76]. In the observed spectrum,
the He I lines are much weaker than the main H I features. Throughout most of the
5.5 year cycle, they are blue shifted and often show double peaked profiles [23,76].
They are most easily interpreted as arising near the shocked wind-wind interface,
in a region where helium in the primary wind is photoionized by the companion
star [54, 76], although other interpretations have also been proposed [57]. Thus an
accurate determination of the H/He ratio for the primary star may need to await 3D
modeling of the wind–wind interaction.

The blue shift of the He I emission lines is unlikely to be explained by a more
highly ionized equatorial wind [86]. While it is true the emission from the red side
will be occulted from the observer by the central star, the corresponding emission
from the front side will also not be observed since the line source function will
generally be less than that of the continuum. This will be true unless the He I

emission arises from a hot region, with an excitation temperature greater than T2/3.
Blue shifted emission does occur in Type II SN, but in that case the line formation
region is less extended, and the optical continuum and Hα line flux form in a similar
region [26].

The abundances of C, N, and O are inferred from nebular spectra in the outer
ejecta [17, 18]. Those observations, being consistent with material processed in the
CNO cycle (i.e., N>C+O), were the first proof that η Car is an evolved object.
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4.2.4 A Non-spherical Wind?

A major constraint on the system is provided by the absence of P Cygni absorption
associated with Hα , Hβ and Fe II emission lines for most of the 5.5 year cycle
[16, 76, 86]. The presence of strong and broad wind Fe II emission and the
absence of P Cygni absorption components are inconsistent with a spherical wind.
Theoretically, the H I and Fe II profiles observed near the event, with their strong
P Cygni absorption components, are much more typical of those expected from a
spherical wind, and more closely resemble those of HDE 316285.

There are two possible scenarios for the lack of P Cygni absorption
components.

1. The wind is aspherical, and we happen to look along a direction in which the
intrinsic wind absorption is low (i.e., the wind is more highly ionized than on
average). The problem with this scenario is that our viewpoint is about 40◦ from
the major axis of the Homunculus [24, 83, 85] – an intermediate latitude that
favors neither the equatorial or polar direction. Smith et al. [86] showed that the
polar wind is denser than the equatorial flow, but the fractional volume of the
wind above 40◦ is less than 25%. Restricting the iron emitting volume to only
these regions requires an extremely dense polar wind.

2. The wind is ionized on our side by the companion star, and/or we look through
the companion wind for a large fraction of the orbit. This is the explanation
most favored by the authors. This model also explains the presence of P Cygni
absorption, at all epochs, on higher members of the Balmer series.

Obviously, both mechanisms may operate at the same time.
Evidence for an aspheric wind comes from HST observations of the spectrum

reflected by the Homunculus [86]. They show that Hα has P Cygni absorption
at polar directions, even during the middle of the cycle, and also suggest that V∞
increases towards the pole. Such a scenario is expected if η Car is a fast rotator
[62,77]. In a rapidly rotating star the effective surface temperature and gravity varies
with latitude, being highest at the pole [62, 96]. Standard radiation driven wind
theory then predicts that both the mass loss rate and the terminal velocity should
be larger at the pole.2 A possible defect of this polar-wind interpretation is that the
Hα line widths appear to be independent of latitude in the data shown by [86]. In
simple 2D model calculations, with a latitude-dependent terminal velocity, there are
easily measurable changes in line width as a function of viewing angle [43].

An ambiguity in interpreting η Car’s polar reflected lines arises from deciding
which part of the P Cygni absorption profile we should associate with the terminal
speed V∞ – does it correspond to the deepest absorption, or the extreme short-
wavelength edge of the absorption profile? In O and W-R stars, V∞ is usually

2Possible exception: This tendency might be counteracted by a latitude dependence of the
ionization state; in that case the wind-driving acceleration would depend on latitude.
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measured at the blue edge where the absorption is still black, while higher-velocity
(non-saturated) absorption is attributed to turbulence (e.g., [79, 80]). In η Car’s
reflected spectrum, the edge velocity shows a much larger variation with co-latitude
than does the velocity corresponding to the minimum of the P Cygni profile [86].
A key observation, which would lead to a better understanding of the outflow
velocities, would be to examine observations of higher order Balmer lines as a
function of latitude, since they show P Cygni absorption components at all times.

Further observational evidence for non-sphericity comes from infrared interfero-
metric images, which show elongation along the polar axis [93].

4.2.5 The Mass-Loss Rate, and Its Influence
on Observed Spectra

Various estimates of the current mass-loss rate exist in the literature. These are based
on the observed free-free millimeter emission (2.4× 10−4 M� year−1 [8]); on the
strengths and shapes of the Balmer lines (10−3 M� year−1 [19,50]); on interferomet-
ric angular diameter measurements at 2.2 μm combined with continuum modeling
(1.6× 10−3 M� year−1 [93]); and on the X-ray flux cycle (2.5× 10−4 M� year−1

[78]). The range in these values is unsurprising, since a number of factors contribute
to possible errors [50]. The worst ambiguities involve the uncertain N(H)/N(He)
abundance ratio and the assumption of spherical geometry, which affects both the
continuum and line fluxes. The filling-factor derivation may, in effect, partially
compensate for departures from spherical geometry.

Strong emission lines in W-R spectra show evidence for Thomson scattering
by free electrons. In LBVs, where V∞ is comparable to the thermal velocity of
an electron (∼500 kms−1), the line wings extend to ∼2000 kms−1 and are fairly
symmetrical about line center. In W-R winds, where V∞ is much larger than the
electron thermal velocities, the wings are weak on the short-wavelength side [4,40].

In homogeneous models the theoretical Thomson scattering wings are much
stronger than observed. Because the line emission usually scales as density squared,
while the electron scattering optical depth scales as the density, it is possible to
reconcile the relative strength of the scattering wings by using an inhomogeneous
wind [40]. For modeling simplicity, a filling factor approach is adopted, in which
we assume that the clumps are much smaller than the photon mean free path [46].
For η Car a volume-filling factor f ∼ 0.1 was found [50].

Other sources of uncertainty in the mass-loss rate are the two assumptions that
the primary star dominates the luminosity of the system, and that the mid-IR flux of
the Homunculus does truly give, with only a minor correction, the total luminosity.
For different choices of the primary luminosity, we can transform the mass-loss rate
found in [50] according to3

3This Ṁ ∼ L0.75 relation agrees with an old semi-analytic criterion for different opaque winds to
have the same characteristic temperature [13].
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Ṁ = 1.0× 10−3
(

L
5× 106 L�

)0.75

M� year−1 . (4.1)

Because the mass-loss rate of η Car is very large, it has a profound influence on
the observed spectrum. Let us assume a fixed hydrostatic radius (60 R�), and keep
all parameters constant except the mass-loss rate.

• For low Ṁ (e.g., Ṁ ≈ 2.5× 10−4 M� year−1), hydrogen is fully ionized in the
wind. Fe II emission is weak, He I emission is prominent, and He II 4686 and
N III 4640 emission lines are visible. Hα and other Balmer lines show only weak
P Cygni absorption.

• As we increase Ṁ, the He I emission weakens and Balmer lines strengthen.
• For a sufficiently high mass-loss rate, the H0/H+ ratio rises to about 10−3 instead

of the 10−6 that is typical in lower-mass-loss models. When this occurs, the very
efficient charge exchange reaction Fe2+ + H0 ↔ Fe+ + H+ causes Fe II emission
to strengthen dramatically.

Most of the blue-to-red Fe II emission lines are formed via continuum fluores-
cence – that is, the UV Fe II lines absorb continuum radiation and redistribute it to
longer wavelengths via other bound-bound transitions. This process is also efficient
for other species, in η Car, and in other hot stars [48]. We expect the recombination
contribution to the observed Fe II lines to be weak, simply because Fe is far less
abundant than H.

[Editors’ note: Recent observations with HST/STIS show that the wind emission
lines have decreased in strength by factors of more than 2 in the past decade, most
likely due to a decrease in the wind density and thus the mass loss rate [69]. See
Fig. 1.1 in the Chap. 1.]

4.2.6 The UV Spectrum

In our model described in Sect. 4.2.1 above [50], most of the observational
constraints were supplied by the violet-to-red spectrum, with UV data used only
as a consistency check. We found reasonable agreement down to 1600 Å, but
substantial disagreements at shorter wavelengths. Because the reddening law is
unique and unknown, absolute flux comparisons are not possible – rather, only
spectral features can be compared. Originally two explanations were invoked to
explain the discrepancies – an aspherical wind and/or the influence of the companion
star on the wind. Later work revealed a third explanation: some UV features
originate at such large radii that one needs to allow for the limited width of the
HST/STIS spatial coverage [51]. It is also possible that circumstellar dust blocks
some of the source regions more than others. Surprisingly, we were able to model the
UV spectral features using only the spectrum originating outside r ≈ 0.3′′, though
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Fig. 4.3 Comparison between two models with Ṁ = 1.0× 10−3 M� year−1(blue line) and Ṁ =
5.0×10−4 M� year−1(red line). In the lower-mass-loss-rate model Fe II lines are becoming weaker
(e.g., the complex near 5200Å) and He I lines (e.g., λ 5876) stronger. When the mass-loss rate is
decreased by another factor of 2, the Fe II lines disappear, He I lines increase further in strength,
and He II 4686 is in emission

with substantially less circumstellar extinction than was used for the violet-to-red
data. This simple model is unlikely to be right; more likely all four effects influence
the observed spectrum.

Dust is known to have a strong effect on η Car’s spectrum. Since the effective
extinction varies on a scale of 0.1′′, based on comparisons between the Weigelt blobs
and the central star [19, 97], it may affect comparisons of UV vs. blue-to-red data.

Another potentially important influence is the companion star, whose fast
wind and ionizing UV flux must carve out a concave region on its side of the
dense primary wind. Since this zone is inside the UV-emitting radii, it may
significantly influence the emergent UV spectrum. Continuity between optical and
UV wavelengths indicates that the primary star probably dominates the observable
UV spectrum. Detailed modeling confirms this conclusion [51], provided that
circumstellar extinction is similar for both stars. As the secondary is inside the
UV source region, its spectrum will be absorbed by the primary wind, at least for
some directions. During the 2003 spectroscopic event, FUSE observations showed
that flux in the 920–1100 Å spectral region virtually disappeared; Ipping et al. [55]
argue that this was due to an eclipse of the secondary by the primary. An alternative
explanation is that the far-UV flux declined because of changes in the ionization
of the primary wind, as signified by changes in the hydrogen P Cygni absorption
profiles. Modeling by Hillier et al. [51] shows that the FUSE spectral interval is the
most promising for a direct detection of the companion star.
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4.2.7 Consequences of Binarity

There is now overwhelming evidence that η Car is a binary system with a period of
5.5 years [1,7,9–12,56,76,78,99], although some relevant anomalies in the historical
record have not been explained [28, 54] (see Chap. 1), and we do not quantitatively
understand the radial velocity variations [14,23,76]. There is also evidence for non-
periodic behavior of line profiles, suggesting the possibility of a shell ejection [25].
The strongest evidence for binarity is the X-ray light curve. Eta Car is a variable
X-ray source [7, 56, 78], most easily interpreted as a consequence of a wind-wind
collision in a binary system [10]. Most of the observable X-rays (E > 1 keV) are
produced on the secondary star’s side of the shocked wind-wind interface. The
2–10 keV X-ray spectrum implies a wind terminal velocity close to 3000 kms−1

for the secondary star, and the X-ray flux implies a secondary mass-loss rate on
the order of 10−5 M� year−1 [78]. (See Corcoran and Ishibashi, this volume, for
these constraints.) The luminosity ratio of the two stars is unknown; the primary is
generally assumed to be far more luminous (e.g., [10, 15, 76]). The relative masses
and radii of the two stars are also unknown. The absence of obvious spectral features
belonging to the secondary star does not yield strong constraints, since most of its
luminosity may occur at unobservable wavelengths below 900 Å.

The secondary star’s ionizing UV radiation probably accounts for the high-
excitation nebular lines seen in the Weigelt blobs. Assuming that this is the case,
Mehner et al. [68] used photoionization models to constrain its stellar characteris-
tics. The center of the allowed region in parameter space is near Teff ≈ 40,000 K and
the suitable luminosity range is 105.2–106.0 L�, based on this reasoning. A value
close to 106 L� with a cooler temperature was proposed in an earlier analysis [95],
but those parameters together with the wind speed and mass-loss rate cited above,
do not correspond to a normal O-type star.

A star like HD32195A, with L/L� ≈ 1.5× 106, V∞ = 3200 kms−1, and Ṁ ≈
2.6× 10−5 M� year−1 [81], would be a suitable companion object. Note, however,
that such a star may be quite massive. If the X-ray constraints on Ṁ and V∞ can be
lowered (e.g., to Ṁ = few× 10−6 M� year−1, and V∞ ∼ 2500 kms−1) then there
are many known stars in Carina that might be similar to the binary companion
(see [81, 84]). It is also possible, given the extensive mass-loss history of η Car,
that, due to mass-transfer in the system, the secondary star is not normal.

4.2.8 Unanswered Questions

The most fundamental questions that need to be answered are the mass, spectral
types, and evolutionary status of the two component stars. Without these we cannot
fully address issues such as the cause of the major outburst in the 1840s that
generated the Homunculus, the cause of the more minor outburst that occurred in the
1890s, and the future evolution of the system. Of course numerous other questions
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also require answers. For example, what is the latitude dependence of the mass-loss
in the primary star? What causes the circumstellar extinction toward the primary
star, why is it so localized, and why is the circumstellar extinction declining with
time [63,65]? What is the origin of the broad He II λ 4686 emission that occurs near
the “low excitation” event [22, 64, 89]?

4.3 Eta Carinae-Like Objects

Further insight into η Car may be gained by looking at other, less complex,
but luminous unstable stars. In this section we approach the problem “stepwise”,
starting with P Cygni, which experienced an eruption in the 1600s but since then has
been relatively quiescent. Its spectrum is thus less confusing and less contaminated
by nearby ejecta. We then proceed to complicate the picture with an object that
shares characteristics with P Cygni and η Car, already mentioned in Sect. 4.2,
HDE 316285. Finally, we introduce some relatively new members of the club.

4.3.1 P Cygni

Historically, P Cygni has been in a secondary position relative to η Car. It has been
classed as an LBV because of its two major outbursts in 1600 and 1660 which were
followed by three decades of irregular variations. After 1700 no major eruption
occurred, but the star has gradually brightened at a rate of 0.15± 0.02 mag per
century (6% decrease in Teff per 100 years [60]). It would not be considered an
unstable star or an LBV without the observational records of the seventeenth century
[42]. Polarization data suggest that while variable asymmetric structures exist in
the wind, there is no preferred axis of symmetry [90]; spherical geometry may be
a suitable first approximation. Like other LBVs and candidate LBVs, P Cygni is
surrounded by faint nebular shells [67, 82] which neither contaminate much, nor
reprocess, the stellar spectrum. The stellar spectrum can be easily observed from
the UV to the radio region (see discussions by Vink and by Weis, this volume).

P Cygni can thus be considered an ideal candidate for quantitative spectroscopic
studies of the wind of an LBV in quiescence. It was the first LBV to be fully
analyzed [72] by means of the new generation of blanketed models [45]. Najarro
et al. [72] included H, He, C, N, O, Mg, Al, Si, S, Cr, Mn, Ti, Co, Ni and Fe in their
calculations and used the full mean averaged spectra covering the range between
1100 Å and 45 μm as observational constraints. A summary of their model fits are
shown in Fig. 4.4, and the derived parameters are in Table 4.1 together with those
obtained from previous optical [73] and IR studies [61]. All three analyses agree
quite well. P Cygni can thus be used as a guideline to the analysis of other LBVs.

Figure 4.4 demonstrates the tremendous potential of the blanketing method to
perform detailed quantitative spectroscopic investigations in LBVs. Overall, there
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is excellent agreement between the model and the observations. Notice that the
IUE UV and ISO fluxes displayed in Fig. 4.4 are the true stellar fluxes corrected
for reddening (E(B−V ) = 0.534, R = 3.2) and assuming a distance of 1.8 kpc.
The crucial result is the consistency between wavelengths from UV to IR. Thus,
for LBVs and other hot stars where only IR spectra are available due to the high
extinction (e.g. LBVs in obscured clusters in our Galaxy) we may be confident of
the results.

One of our most important results, obtained with allowance for the effects of
clumping, was the derivation of an accurate mass-loss rate. Using the strong electron
scattering wings of the Balmer lines, Najarro [72] was able to constrain the wind
clumping and derived a volume filling factor of f = 0.5. This value is a factor of
5 larger than the one typically found for W-R stars (e.g. [39, 46]) The sensitivity
and leverage of the clumping determination is displayed in Fig. 4.5. The resulting
clumping implied a final mass-loss rate of ṀC = 2.35× 10−5 M� year−1.

Table 4.1 Derived stellar parameters for P Cygni

R∗ L∗ T∗ Ṁ/ f 1/2 V∞
Model (R�) (L�) (104 K) nHe/nH (M� year−1) (kms−1) β
Optical 76 7.0× 105 1.92 0.29 3.2× 10−5 185 4.5
ISO-SWS 76 5.6× 105 1.81 0.30 3.0× 10−5 185 2.5
Blanketed 76 6.1× 105 1.87 0.29 3.3× 10−5 185 2.5

β is the shape parameter of the velocity field

Fig. 4.4 Comparison of the blanketed model (dashed) and the averaged observed (solid) UV to
IR spectrum of P Cygni. A model including Nickel and Cobalt (dashed-dotted) is also displayed
in the IUE-SWP region (See discussion in text)
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Fig. 4.4 (continued) – OPT and IR region
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Fig. 4.5 Determination of wind clumping in P Cygni. Observations of Hα and Hβ vs models with
the following volume-filling factors: f = 1.0 (dotted), f = 0.75 (dashed), f = 0.50 (dashed-dotted),
f = 0.25 (dashed-dotted-dotted) and f = 0.15 (long-dashed). Models with f = 0.50 reproduce best
the observations

4.3.2 A Close Twin: HDE 316285

As mentioned in Sect. 4.2 the spectrum of HDE 316285 has been compared with
that of η Car [50]. This early-type Galactic supergiant is also considered to be an
LBV candidate. Despite its close spectroscopic similarity to P Cygni, its properties
remained poorly determined for a long time, largely because of the high extinction
associated with its location in the Galactic plane [47]. The first detailed study of
the object was made by Hillier et al. [48]. Their preferred model for HDE 316285
yielded the following parameters:

T∗ = 15,000 K, L∗/L� = 2.8× 105, Ṁ = 2.4× 10−4 M� year−1,
v∞ = 410 kms−1, EB−V = 1.81 mag, H/He ∼ 1.5 by number.

They found a so-called H/He degeneracy, or coupling, between the derived mass-
loss rate and H/He abundance, caused by the low degree of He ionization in the
wind. Thus, models with H/He= 10–0.5 were equally capable of explaining the
spectrum provided the mass-loss rate was scaled according to the formula Ṁ ≈
9.1+ 26.3(He/H− 0.1)× 10−5 M� year−1. These results, with a slight downward
revision of the temperature, were confirmed with blanketed models [74]. Figure 4.6
shows the excellent quality of the model fits to the optical and NIR spectra of the
star, reproducing the H I, He I, Fe II, N II, and Mg II features.

Except for the stellar luminosity, the parameters [48,74] are intermediate between
those of P Cygni and η Car. Indeed, from the point of view of performance number,
wind density and location of τ = 2/3 at a radius where V = a significant fraction
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Fig. 4.6 Model fits (dashed lines) to the observed optical and IR diagnostic lines (solid lines) of
HDE 316285 (Adapted from [74])

of V∞, HDE 316285 is closer to η Car than to P Cygni. Another property shared
with η Car and not found in P Cygni is the presence of a dense circumstellar
nebula. Further, the lack of specific dust bands that are the signatures of crystalline
material, which normally condenses in the thick slowly-expanding envelopes of
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RSGs, suggests that the material forming the present-day nebula was rapidly ejected
and could not crystallize under conditions of rapid cooling and low densities [71].
Such lack of crystalline silicates has also been confirmed in the explosive outflows
from η Car.

Thus, the obvious question arising from the comparison of these three objects is
why HDE 316285 is less luminous than P Cygni when all of its other spectral and
morphological features suggest a luminosity closer to that of η Car? The answer is
related to its assumed distance. Hillier et al. [48] adopted 2 kpc as a rough average
of the literature values that lie between 1 and 3.4 kpc, recognizing that there was no
real constraint on the distance.

Recently, Morris [71] pointed out that HDE 316285 lies in close (apparent)
proximity to the infrared SFR Sgr D. Assuming that HDE 316285 is equidistant with
Sgr D places it in the same dynamic ecosystem as the SFR and neighboring YSOs
and maser sources, as well as a supernova remnant SNR 1.4–0.1. Its 8 kpc estimated
distance is based on H2CO and CS line kinematics measured at the VLA [70] . At
this distance, HDE 316285 would have a luminosity of 6.6 log L� making it one of
the most luminous stars known. However, Morris also showed that the interstellar
extinction to HDE 316285 is substantially lower than the extinction to Sgr D. So,
unless the star is located in an extinction hole it is likely in the foreground. Further,
the velocity of the Na I D lines also supports a closer distance. In summary, the
distance and luminosity of HDE 316285 remain uncertain.

4.3.3 Relatives at the Galactic Center

The lack of a good distance estimate to a star may result in an uncertainty of more
than one dex in its luminosity. In our galaxy, one of the places where we think
we know the distance is the Galactic Center (8 kpc). Unfortunately, due to the high
extinction (AV ∼ 30) we had to wait for the IR detector revolution in the 1990s
to obtain spectra of the less reddened (AK ∼ 3) spectra of sources in this region.
If we want to look for LBVs at the Galactic Center we have to look for massive
clusters at least 3 Myr old. Two clusters fulfilling this condition have been found
in the inner 30 pc of our Galaxy; the Central Parsec Cluster and the Quintuplet
Cluster. In this section, we will concentrate on the two candidate LBVs, the Pistol
Star [29] and FMM362 [35], which belong to the Quintuplet Cluster ([30, 31, 36]).
This cluster contains a variety of massive stars, including WN, WC, WN9/Ofpe,
and less evolved blue-supergiants. Their presence constrains the cluster age to about
4 Myr old, assuming coeval star formation.

The Pistol Star was first studied by Figer et al. [29] who used non-blanketed
models to fit the main H I and He I lines of the spectrum. Due to the lack of
good temperature diagnostics, they found two solutions which could equally well
reproduce the H I and He I spectra of the star: a hot, high luminosity solution with
logL∗/L� = 7.2 and a cooler, lower luminosity one with logL∗/L� = 6.6, which
makes the object, together with η Car, one the most luminous stars known.
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Table 4.2 Derived stellar
parameters

Parameter Pistol FMM362

L∗(106L�) 1.60 1.77
R2/3 (R�) 306 350
T2/3(104K) 1.18 1.13
H/He 1.5 2.8
Fe/Fe� 1.1 1.1
Mg/Mg� 2.2 1.5
Si/Si� 1.8 2.1
Ṁ(10−5M� year−1) 2.1 1.2
β 3.0 1.3
V∞(kms−1) 105 170
Dmom=log(ṀV∞(R/R�)1/2) 29.39 29.38
MEdd (M�) 22.5 30.5
CL1 0.08 0.08
CL2 2.5 2.00

β is the exponent describing the velocity field, Dmom is the
modified wind momentum [58], CL1 and CL2 are clumping
parameters, MEdd is the Eddington mass, H/He is the ratio
by number, and other abundances are relative to solar.

The Pistol Star and FMM362 have recently been reanalyzed by Najarro et al.
[75] with blanketed models. The new blanketed models provide a significant
improvement in our knowledge of the physical properties of these two stars.
The degeneracy of the “high” and “low” luminosity (T2/3) solutions for the Pistol
Star presented by [29] is broken by the Si II, Mg II and Fe II lines, which are clearly
more consistent with the “low” solution (see the excellent fits in Fig. 4.7). Najarro et
al. derived a luminosity of ∼1.6× 106 L�, an effective temperature of ∼11,800 K,
and an initial mass of 100 M� (see Table 4.2). The stellar luminosity is reduced by
a factor of 2 compared with the previous estimate, illustrating the importance of the
new generation of line-blanketed models. For star FMM362 ([35]), a close twin of
the Pistol Star, Najarro et al. [75] also obtained a luminosity around 1.7×106 L� and
an effective temperature of T2/3 ∼10,500 K. From Table 4.2 it is clear that the Pistol
Star and FMM362 have very similar properties, with the exceptions of the Pistol
Star’s significantly higher wind density (evidenced by its stronger spectral lines)
and its higher He content which may denote a slightly more advanced evolutionary
stage.

In our IR analysis of the Pistol Star and FMM362 we developed the necessary
techniques for future quantitative spectroscopic and metallicity studies of luminous,
hot stars in heavily obscured regions. For example, we were able to break the
H/He degeneracy mentioned in previous sections and obtain robust estimates of
the He content. Due to the high degree of clumping found in both objects, the
τ = 2/3 radius (defined using the Rosseland mean opacity), where T2/3 is defined,
is reached at considerably lower velocities than for classical LBVs. Thus, wind
speeds roughly between half and one-third of the sound speed are found in the
Pistol Star and FMM362 while classical LBVs have wind speeds well above the
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Fig. 4.7 Model fits (dashed lines) to the observed infrared diagnostic lines (solid lines) of the
Pistol Star (See [75])

speed of sound [48, 72]. This enables quasi-photospheric absorption lines to form.
The He I 2.112μm line is the key in breaking the degeneracy. Najarro et al. [75]
showed that while identical H I and He I (He I 1.700μm) line profiles (also for the
metal lines) are obtained for all H/He ratios considered, the absorption depths of the
He I 2.112μm and He I 2.15 μm lines react sensitively to the He abundance.

One of the main characteristics of LBVs is the change in their spectral type
and apparent temperature through their excursions to the red in the HR-diagram.
Figure 4.8 displays H- and K-Band spectra of the Pistol Star and star FMM362
obtained in 1998 (CGS4-data) and 2003 (NIRSPEC data). The spectra have been
degraded to the same resolution. From Fig. 4.8 we see that while the Pistol Star has
barely changed its spectroscopic appearance (minor changes only in Brγ), FMM362
shows a large change in its spectral type. The He I lines have vanished, the Mg II

lines have weakened drastically, and the H-Bracket lines have gone into absorption.
The 2003 data show that the star has started an excursion to the red in the HR-
diagram, with a lower apparent temperature and an expanded envelope significantly
reducing the stellar wind density. This result is consistent with photometric data
which show an increase in the K magnitude of the star. The 2003 data presents the
possibility to obtain an estimate of the gravity of an LBV, for the first time, using
the Brackett absorption lines.
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Fig. 4.8 Variability of the Pistol Star and FMM362

4.3.4 Other Monsters: LBV 1806-20

LBV 1806-20 was first identified as a potential counterpart to the soft gamma-
ray repeater SGR 1806-20 in 1995 [59], with a high near-infrared brightness
(K= 8.4 mag) despite significant absorption from interstellar dust in the Galactic
Plane. Moderate resolution infrared spectroscopy [94] revealed it to be an LBV
candidate and one of the most luminous stars in the Galaxy, with an estimated
luminosity of L∗∼ 106L�.

Subsequent observations of the star and surrounding cluster [27, 32, 33] were
obtained about a decade later. Eikenberry et al. [27] estimated a luminosity for LBV
1806-20 of greater than 5× 106L�which was supported by the kinematic distance
(15.1 kpc) and the inferred spectral types and absolute magnitudes of the cluster
members. Using the spectral types of the clusters stars they found d ≥ 9.5 kpc
(L ≥ 2× 106L�), while the presence of an ammonia absorption feature requires
d ≥ 5.7 kpc (L ≥ 7× 105L�). Eikenberry et al. [27] also obtained speckle images
with high angular resolution that demonstrated that LBV 1806-20 was not a cluster,
but rather a single or binary system with a mass exceeding 190M�.
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Fig. 4.9 Left Spectra of massive stars near the 2.112/2.113 μm He I doublet. The Pistol Star,
IRS16NE, and LBV 1806-20 are LBVs or LBV-candidates, and the remaining stars are B-type
supergiants. All the spectra show a single He I doublet near 2.1125 μm, except for LBV 1806-20,
in which it is obviously double (marked by arrows). Right Spectra of the Pistol Star and LBV
1806-20 near the Brackett−γ line. The two absorption lines near 2.160 μm in the spectrum for
1806-20, (marked by arrows) are due to two separate transitions of He I (Adapted from [33])

To test whether LBV 1806-20 could indeed be the “most massive star known”,
Figer et al. [33] obtained high-resolution near infrared spectroscopy that showed
it could be a massive binary system with components separated in velocity by
∼70 kms−1(see Fig. 4.9). They [33] also argued that a binary, or merged, system
is more consistent with the ages of nearby stars in the cluster [32]. In addition, their
derived VLSR= 36 kms−1 on the Galactic rotation curve, lowered the distance to
11.8 kpc, the luminosity to 106.3L�, and the system mass to ∼130 M�. Recent NIR
spectroscopy and subsequent absolute K-band calibration [5] of a sample of W-R
and B-supergiants in the same cluster further revised the distance downwards to
8.7 kpc which, scaling the luminosity estimate from [33], would result in a final
luminosity of logL∗/L� = 6.0 for LBV 1806-20.

As we have seen for HDE 316285 and LBV 1806-20, not only the distance but
also the possible binary nature of the object can have a major effect on the derived
luminosity and other parameters.

4.4 Summary

Eta Carinae, while perhaps the most extreme example, appears to be related to
other very luminous stars (Table 4.3) that are suffering extensive mass loss. These
stars are luminous, show strong optical H and He I emission lines that are generally
associated with P Cygni absorption, and may be variable. Unfortunately the precise
evolutionary state, and the cause of the variability (when present) is unknown.
Several difficulties contribute to this uncertainty. First, some of the stars are binaries.
This contributes to uncertainties in both the mass and luminosity of the primary
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Table 4.3 Comparison of stellar parameters for the stars discussed in the text

Parameter Eta Car P Cygni HDE 316285 Pistol FMM362 LBV 1806-20

log(L∗/L�) 6.74 5.79 5.60 6.20 6.25 6.0
d(kpc) 2.3 1.8 2.0 8.0 8.0 8 .7
R2/3 (R�) 880 105 128 306 350 213
T2/3(104K) [0.92+] 1.57 1.29 1.18 1.13 1.25
Tc (104 K) 0.98+ 1.80 1.38 1.29 1.31 1.42
H/He 5.0 3.4 2.5 1.5 2.8 1.5
Ṁ(10−5M� year−1) 100 2.4 8.0 2.1 1.2 1.8
fmin 0.1 0.5 0.1 0.08 0.08 0.1
V∞(kms−1) 500 185 370 105 170 160

The effective temperature and R2/3 are both defined at τ(Rosseland) = 2/3. The characteristic tem-
perature Tc is defined by 2.7kTc = (escaping luminosity)/(escaping photons)a. The HDE 316285
stellar properties have been updated to the ones presented by Hillier et al. [48] according to our
current best blanketed models
aSee footnote 1, Sect. 4.2.1.

component, and can also influence spectroscopic diagnostics, and potentially may
have altered (or will alter) the evolution of the stars. Second, many of the stars
have uncertain distances. While the uncertain distance does not strongly influence
the modeling, since derived parameters can be simply scaled to a new distance,
it does have a major influence on comparisons with evolutionary calculations.
Third, because of solution degeneracies, great care must be taken in deriving the
n(H)/n(He) abundance ratio. Fourth, many of the stars are heavily reddened, limiting
observations to the IR. This necessarily reduces the confidence of the solutions, and
necessarily limits the metal abundances which can be determined. Finally, the stars
can suffer large eruptions. The timescale and multiplicity of these eruptions are not
known.

Many of these difficulties can, and are being, overcome. Studies of the LBV
environment provide clues to the evolutionary state. Distances can be constrained
by cluster studies, by studying the dynamics of the ejected nebula, and by
future astrometric observations. Careful observations, over as wide a passband as
possible, can be used with line-blanketed radiative transfer codes to obtain accurate
parameters. Long-term monitoring, particularly radial velocity studies, is required to
detect binarity. Imaging studies can be used to detect earlier shell ejections, and thus
provide some constraints on the size and frequency of eruptions. Importantly, we
need to study other stars with similar luminosities and enhanced helium abundances
in order to gain an understanding of the evolution of these stars.
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Chapter 5
Physics of the Inner Ejecta

Fred Hamann

Abstract Eta Carinae’s inner ejecta are dominated observationally by the bright
Weigelt blobs and their famously rich spectra of nebular emission and absorption
lines. They are dense (ne ∼ 107–108 cm−3), warm (Te ∼ 6,000–7,000K) and slow
moving (∼40 km s−1) condensations of mostly neutral (H0) gas. Located within
1,000 AU of the central star, they contain heavily CNO-processed material that
was ejected from the star about a century ago. Outside the blobs, the inner ejecta
include absorption-line clouds with similar conditions, plus emission-line gas that
has generally lower densities and a wider range of speeds (reaching a few hundred
km s−1) compared to the blobs. The blobs appear to contain a negligible amount
of dust and have a nearly dust-free view of the central source, but our view across
the inner ejecta is severely affected by uncertain amounts of dust having a patchy
distribution in the foreground. Emission lines from the inner ejecta are powered
by photoionization and fluorescent processes. The variable nature of this emission,
occurring in a 5.54 years “event” cycle, requires specific changes to the incident flux
that hold important clues to the nature of the central object.

5.1 Introduction

The “inner ejecta” of η Car reside in the bright core of the Homunculus Nebula,
spatially unresolved in seeing-limited ground-based images. Spectra show a com-
plex amalgam of features, including broad emission lines from the stellar wind
and a vast number of narrower lines from the ejecta [1, 14, 36, 46, 52, 95]. High-
resolution images using speckle techniques [56, 103], and later the Hubble Space
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Telescope (HST) [31,78,91,104], revealed several bright objects less than 0.3′′ apart,
customarily labeled A, B, C, D. The first HST spectra showed that A, the brightest
object, is the central star, while the others – the “Weigelt knots” or “Weigelt blobs” –
are slow-moving nebular ejecta that produce strong narrow emission lines while also
reflecting the star’s light [24,25]. Their origin has not been explained, and this article
is concerned mainly with their present-day nature.

The blobs appear to be located near the Homunculus’ midplane, which is usually
assumed to lie close to the star’s equatorial plane and the orbital plane of the
binary [21]. They are on the near side, moving away from the star at speeds of
30–50 km s−1 – less than a tenth as fast as the Homunculus lobes [25, 80, 109]
Ejection dates based on proper motions have ranged from 1890 to 1940, well after
Great Eruption in the 1840s [25, 29, 91, 104].1 The Weigelt Knots are most often
linked with the “Little Homunculus” ejected during the second eruption in the 1890s
([59, 61]; see Chaps. 6 and 7).

Objects B, C and D are located 0.1–0.3′′ northwest of the star, corresponding
to 300–1000 AU in deprojected distance or a light travel time of several days.2

Their apparent sizes are somewhat less than 0.1′′ or ∼200 AU, but these are just
the brightest peaks in a complex pattern of emission and reflection (affected by
extinction) that extends out to 0.4′′ or more from the central star. Little is known
about the fainter associated emission/reflection regions, but altogether we call this
ensemble of nebular material the “inner ejecta.”3

Spectroscopic studies of the inner ejecta have pursued three main goals. The
most basic is to estimate physical properties: density, temperature, ionization,
kinematics, composition, and mass. These parameters may be clues to the nature
and history of the central star(s). Another goal is to characterize the spectrum of the
central source, e.g., as a binary system, by considering the nebular gas as a light
reprocessing machine. The excitation, photoionization and specific emissions from
the gas depend on illumination by the central source in the UV and unobservable
far-UV. These are critical wavelengths for testing models of the central star or stars.
Finally, a third goal is to use the exceptionally bright and rich (and sometimes very
unusual) line emission to study basic atomic physics and line formation processes.

In this review we focus mostly on spectroscopy of the brightest Weigelt knots B,
C and D, including a new analysis of D based on HST Treasury spectra obtained
in 2002–2003. We also briefly discuss two other phenomena, namely, narrow
nebular absorption lines that appear throughout the inner ejecta [26, 38–40, 80] and
a remarkable emission line region known as the “Strontium filament” [38, 110].

1In principle, long-term acceleration might affect this question [25, 91].
2D = 2,300 pc for η Car, see Chaps. 1 and 2.
3Additional fainter knots are noted in some papers. One must be wary, however, because the HST’s
optical point spread function has a “ring of beads” which is not entirely removed by deconvolution
using the standard STScI software.
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Strictly speaking these lie outside the inner ejecta as defined above, but they also
provide insights into the nature of the central star and inner ejecta.

One important uncertainty is the nature of localized dust extinction. We know
that the dust around η Car is patchy on small scales, in order to explain the blobs’
high apparent brightness relative to the star. Our line of sight to the latter has
several magnitudes more extinction than B, C, and D which are less than 0.3′′
away [23, 24, 52, 55] – or at least this was true a few years ago [74]. Moreover, the
visual-wavelength Weigelt blobs appear almost inversely correlated with the spatial
distribution of mid-IR (warm) emission by dust. These factors lead to a fundamental
ambiguity about whether the observed blobs are distinct gas condensations or simply
minima in the intervening dust. Perhaps they are a combination of both.

Another issue to keep in mind is the overall transience of the inner ejecta. The
Weigelt blobs were ejected from the star less than ∼120 years ago. If the blobs
are not confined by surrounding pressures, they should expand and dissipate in
roughly a sound-crossing time, on the order of 75 years. Their spatial and spectral
appearance has changed in recent years, see Chap. 1. High-ionization emission lines
such as He I, which are now trademarks of the knot spectra, did not appear until
the 1940s [34, 57]. Continuing changes will occur as the material expands and
moves farther from the star. Meanwhile there are cyclical changes with a 5.54-year
period, usually attributed to the binarity of the central object (Sect. 5.2 below). Any
discussion of the inner ejecta must be framed with reference to the epoch of the
observations.

5.2 Spectroscopic Overview of the Weigelt Blobs

The Weigelt blobs produce H I and He I recombination lines and more than 2,000
other identified emission lines spanning a range of ionizations from Ca+ and Ti+

up to S+2, Ar+2, and Ne+2. Most of the UV, visual, and near-IR features belong to
singly-ionized iron group species, notably Fe II and [Fe II]. Extensive line lists are
available [14,46,52,98,100,102,111]. A particularly interesting aspect is the variety
of strong fluorescent lines, whose upper energy states are vastly overpopulated
by photoexcitation because of accidental wavelength coincidences with the H I
Lyman series or other strong lines. Fluorescent Fe II λ λ 2507, 2509 are the strongest
emission features in near-UV spectra; their enhancements compared to other Fe II
lines are larger in η Car than in any other known object [24,66,67,100]. Altogether,
the varieties of lines and excitation processes provide a broad array of diagnostics
with which to study both the blobs and the central object.

An obstacle to these studies has been the seeing-limited angular resolution of
ground-based spectroscopy, typically ∼1′′. To some extent the line profiles distin-
guish between blobs and the stellar wind; velocity dispersions are 40–70 km s−1 vs.
several hundred km s−1 respectively. However, the rich narrow-line spectrum has
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complex blends that resemble broad features, HST spectra of the inner ejecta show
differences at sub-arcsec scales, and reflection and projection effects occur at all
scales. Moreover, some high ionization forbidden lines originate in high velocity
gas, distinct from the blobs and not directly part of the stellar wind (Sect. 5.4.1).
Spatial resolution better than 0.2′′ is therefore essential for detailed studies.

The spectra of the stellar wind and the blobs vary with a 5.54 years period
[13, 16, 17, 72, 75, 106, 108]. This cycle is punctuated by “events” defined by the
disappearance of high-ionization emission from the blobs and inner ejecta, notably
[Ne III], [Fe III], [Ar III] and He I. These features vanish on time scales of 1–6
weeks and then recover more slowly afterward. Meanwhile other phenomena occur,
including an abrupt drop in the 2–10 keV X-ray emission from the colliding winds
[10, 11, 51, 60].4 A major goal of η Car studies since 1997 has been to understand
the spectroscopic events, which must be linked to some basic aspect of the central
source. The disappearance of high-ionization [Ne III], [Fe III], [Ar III] and He I
lines is almost certainly caused by an abrupt drop in the far-UV flux incident on the
blobs and inner ejecta as originally proposed by [108] (see Sects. 5.3 and 5.5 below).
What physical effects in the central object can change its spectral energy output?

The regularity of the event cycle is usually interpreted as evidence that the central
object is a 5.54 year binary [13, 15, 16], but no specific model has emerged that
explains the full range of phenomena (see [16, 57, 77] for recent discussions). The
proposed companion star is less luminous but hotter than the very massive primary
[75]. It contributes most of the helium-ionizing far UV flux and thus controls the
high-ionization emission lines. The orbit is highly eccentric, so close interactions
occur only for a brief time near periastron. Between spectroscopic events, the stars
are widely separated and both contribute to the ionization and excitation of the inner
ejecta. During an event, near periastron, the hot companion plunges deep inside the
dense primary wind, so its contribution to the emergent far-UV emission is briefly
obscured.5 The inner ejecta then become less ionized because they receive light from
only the cooler primary, whose wind structure and spectral energy output might also
be altered by the binary encounter [16,19,28,89]. A model of this type can account
for the X-ray variations [10, 60, 83]. But there are many uncertainties, including
the nature of the hot companion star, the orbit parameters, and properties of both
winds. Any model of the binary system must explain the spectroscopic properties of
the inner ejecta and, specifically, the changes that occur throughout the 5.54 years
cycle. See comments and references in Chap. 3.

4See Chap. 9.
5(Editors’ comment:) Strictly speaking, the disappearance of far-UV near periastron may be caused
by mass accretion onto the secondary star as proposed by Soker et al. See [77], Chap. 3, and
references therein.
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5.3 Blob D and the 2003.5 Spectroscopic Event

The spectroscopic event that occurred in mid-2003 was studied at wavelengths rang-
ing from radio through X-rays.6 Here we summarize key results for the inner ejecta,
especially the almost-resolved (∼0.1′′) spectra of blob D that were obtained as part
of the HST Treasury program on η Car.7 This publicly available dataset provides
the most complete and reliable existing information of this type. The 2003.5 HST
observations covered roughly 1630–10100Å at resolution ∼40 km s−1and ∼0.1′′;
no better data on an event are expected in the forseeable future.8

Figures 5.1–5.8 illustrate spectral properties of blob D measured on six occasions
across the 2003.5 event. The line with highest ionization, [Ne III] λ 3868, showed
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Fig. 5.1 [Ne III] λ 3868 and H8 emission lines in blob D on the dates 2002.51 (solid line), 2003.38
(dotted), 2003.41 (short dash), 2003.48 (long dash), 2003.51 (short dash-dot), 2003.58 (long dash-
dot). The [Ne III] peak heights are marked on the different dates. The weak emission bump at
3,863.2 Å is Si II 3,863.69 ÅṪhe broad P Cygni profile in H8 is reflected starlight (From [43])

6See other chapters in this volume as well as [16, 28, 73] and many refs. therein.
7http://etacar.umn.edu/.
8The only instrument with adequate spatial resolution, HST/STIS, was inoperative during the
subsequent event in 2009. Moreover, the star’s rising brightness progressively makes the Weigelt
blobs harder to observe [74]. Thus it is very conceivable that no one will ever obtain new “event”
spectra of these objects as good as the 2003.5 STIS data.

http://etacar.umn.edu/
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Fig. 5.2 [N II] λ 5755 and [Fe II] λ 5747 measured in blob D during the 2003.5 spectroscopic
event. The labels and line styles for the different dates match Fig. 5.1
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Fig. 5.3 [Ca II] λ 7291,7323, [Ni II] λ 7307, and He I λ 7281 in blob D during the 2003.5 event.
The [Ca II] lines tripled in strength, the [Ni II] strengthened slightly, and the narrow He I line
became >30 times weaker during the 2003.5 event. Labels and line styles match Fig. 5.1 (From
[43])
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Fig. 5.4 H I Pa15 and the fluorescent lines O I λ 8446 pumped by Lyβ and Fe II λ 8451 and
λ 8490 pumped by Lyα in blob D. The different line styles represent different observation dates
as in Fig. 5.1. The fluorescent lines decreased much more dramatically during the event than other
collisionally-excited lines of Fe II or [Fe II] (From [43])

Fig. 5.5 The fluorescent lines Fe II λ 2508 and λ 2509 pumped by Lyα in blob D. The line labels
and styles match Fig. 5.1
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Fig. 5.6 Measured equivalent widths (Å) of representative lines in blob D, normalized to their
value in 2003.38. Fe II(Lyα) represents an average of several fluorescent Fe II lines pumped by
Lyα . The time scale is distorted for the 2002.51 data, Vertical positions of labels for 2002.51
indicate equivalent widths relative to 2003.38, where “others” refers to all lines plotted here except
[Ne III] and Fe II(Lyα). Higher ionization lines weakened sooner and more completely during the
event, while the lowest ionization lines of [Ca II] became stronger (From [43])

the most rapid decline and complete disappearance. Figure 5.1 shows it along
with the more complex Balmer H8. The narrow in situ H I emission disappeared
while the reflected broad stellar wind component weakened in emission but
strengthened in its blueshifted P Cyg absorption (see also [28, 55]). Narrow lines
with slightly lesser ionization, e.g., [Ar III] λ 7135 and [S III] λ 9532, disappeared
about 2–3 weeks later than [Ne III] (see Fig. 2 in [43]). At lower ionizations, features
like [N II] λ 5755 lagged even farther, cf. Figs. 5.1 and 5.2. At t = 2003.38 the event
was significantly underway in [Ne III] but not in [N II], and at 2003.48 the [Ne III]
line had disappeared while [N II] emission was still present.

Continuing toward lower ionization, the behavior of Fe II, [Fe II], and [Ni II]
ranged from modest weakening to modest strengthening during the event. The
lowest ionization lines measured in blob D, [Ca II], Ti II and V II, all became
stronger (see also [14]). Figure 5.3 shows that [Ca II] λ 7291 and λ 7323 lines
nearly tripled in strength, while [Ni II] λ 7303 mildly strengthened and He I λ 7281
disappeared. Some Ti II lines (not shown) approximately doubled in strength.
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Fig. 5.7 The Hδ (upper panel) and Hγ (lower panel) lines are plotted along with various lines of
[Fe II], [S II] and [Ni II] measured in blob D on the dates 2002.51 (solid line) and 2003.58 (long
dash-dot). The P Cygni shaped Balmer lines are seen in reflected light from the star. Their broad
emission weakened and broad absorption strengthened during the event (2003.58). Narrow nebular
absorption (neb. abs.) in both Hδ and Hγ , at roughly −50 km s−1 heliocentric, disappeared during
the event
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Fig. 5.8 [S II] lines measured in blob D in 2002.51 (solid line) and 2003.58 (log dash-dot) are
plotted for comparison to the higher energy [S II] doublet shown in Fig. 5.7. The different flux
changes between these lines suggest that the temperature dropped by roughly 15% during the
event

These phenomena were correlated with the ionization energy needed to create
each ion. Ne+2, Ar+, S+2 and N+ require 41.0, 27.6, 23.3 and 14.5 eV, respectively,
while Fe+ and Ni+ require 7.9 and 7.6 eV, and Ti+ and Ca+ need just 6.8 and 6.1 eV.
The narrow in situ (not reflected) emission lines of H I and He I are consistent with
this pattern if they form, as expected, by recombination in regions of H+ (13.6 eV)
and He+ (24.6 eV). He I lines behaved approximately like [Ar III] and [S III], while
the H I lines declined like [N II] (see also [43]).

The only obvious exceptions to this simple ionization trend were fluorescent
features excited by H I Lyman lines. Figures 5.4 and 5.5 show the dramatic
weakening of fluorescent O I λ 8446 pumped by Lyβ , and Fe II lines excited by
Lyα . Their behavior differed from the other Fe II and [Fe II] lines and seems
to contradict the ionization trend. However, their emission depends not only on
the amounts of Fe+ and O0, but also on H+ which produces Lyα and Lyβ by
recombination (see Sect. 5.4.6). In fact, the fluorescent lines behaved much like the
narrow Balmer and Paschen lines in blob D, consistent with the ionization trend.
This can be seen in Fig. 5.4, which shows the disappearance of narrow H I Pa15
along with the fluorescent Fe II and O I features. All these lines disappeared when
the gas became mostly H0.

Figure 5.6 summarizes the ionization trend for narrow lines in blob D during the
2003.5 event. Damineli et al. [16,17] produced similar plots based on ground-based
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observations of a spatially unresolved mixture of regions, but with better temporal
sampling and a longer temporal baseline. They show that the high-ionization lines
disappeared abruptly, in just 5–10 days. The highest ionization line, [Ne III] λ 3868,
was extinguished first, followed by He I λ 6678 about 5 days later, then [S III]
λ 6312 6.5 days later, and finally [N II] λ 5755 8.5 days after that. The highest
ionization lines were also the last to recover after the event, roughly in reverse order
of their disappearance; the recovery times were more gradual (months) than the
disappearance times (days to weeks).

The shortest disappearance times might be limited by recombination rates, which
depend on gas density (see Sect. 5.4.2). But this is unlikely to dominate the other
temporal behaviors, since the recovery times (when overall ionization is increasing)
are much longer. Therefore, the emission line changes probably trace the central
source’s spectral changes as viewed by the inner ejecta. In particular, the far-UV
flux that regulates [Ne III] emission must have been extinguished faster, earlier and
then recovered more slowly, than the lower energy spectrum that controls the lower
ions. The incident photon energy distribution must have progressively “softened”
until mid-event when all of the far-UV was gone. Then the spectrum hardened again
as the far-UV recovered over a period of months (see also [17, 75, 77] and Sect. 5.5
below).

Another spectral change tied to the ionization was the weakening of narrow
Balmer absorption during the 2003.5 event. Unlike the stellar wind’s P Cyg
absorption, these lines are formed in regions far outside the wind and even outside
the Weigelt blobs (Sect. 5.4.6 below). They require a large column density of dense,
partially ionized gas with a significant population of H0 in the n= 2 level. Figure 5.7
shows the disappearance of Hγ and Hδ absorption in blob D during the 2003.5
event. The corresponding Hβ feature (not shown) weakened by a factor of ∼2 but
did not disappear. This narrow absorption line behavior did not exactly follow the
weakening of the narrow H I emission lines or the Fe II emission lines pumped
by Lyα , but a decline during the 2003.5 event surely did occur in blob D. Weaker
Balmer absorption strength indicates a drop in the H0 n = 2 population, related to
a lower degree of ionization.9 We conclude that the absorbing gas participated in
a spectroscopic/ionization event similar to the emission line regions in the inner
ejecta.

Closer inspection of these data suggests that the temperature in blob D also
fell by a moderate amount during the 2003.5 event. For each ion species, emis-
sion lines arising from higher energy states generally faded more dramatically.

9Johansson et al. [71] report that corresponding narrow absorption in Hα strengthened during the
2003.5 event, and the same is true of ground-based spectra of the star plus ejecta in the 2009.0
event [84]. We cannot make direct comparisons to these results, because the spatial coverage was
different and instrumental saturation in the HST data may have degraded spectral extractions near
the peak of Hα . We can only speculate that the ground-based Hα absorption results were affected
by blending with the narrow emission from the blobs, which is time variable and stronger in Hα
than in the other Balmer lines. Hα might also be less sensitive to changes in the n = 2 population
if its larger oscillator strength leads to greater line saturation compared to Hγ and Hδ .
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Figures 5.7 and 5.8 show, for example, that [S II] λ 4069 and λ 4076 declined by a
factor of 2 during the event while [S II] λ 6716 and λ 6731 decreased by only ∼10%.
These lines are collisionally excited, and the upper states of λ λ 4069, 4076 and
λ λ 6716, 6731 have energies of 3.0 and 1.8 eV repectively. There is also a density
dependence [42, 81], but if we assume that the density did not change much during
the event, then the observed change in the line ratio indicates a drop in temperature.
We cannot derive a specific temperature without knowledge of the density, but if the
temperature in the S+ gas was ∼7000 K before the event (2002.51), then during the
event (2003.58) it declined by roughly 900 K (or ∼700 K if the initial temperature
was 6000 K). Similar effects can be seen in [Fe II] and [Ni II], see Sect. 5.4.2 below.

Finally, we note that the Balmer P Cygni absorption lines, formed in the stellar
wind and reflected by dust in blob D, varied contemporaneously with the narrow
in situ emission lines discussed above (Figs. 5.1 and 5.7). Detailed comparisons
have shown that these changes tracked each other to within a month [17,28,55,94].
This relationship indicates again that the blobs were responding to changes in the
radiative output from the central source, presumably the opaque primary stellar wind
plus the hot secondary star. (Variations in the kinetic energy of the primary wind
would affect the blobs only after a travel-time delay of a year or more.) This result
implies that ionization and excitation in the blobs (and probably all of the inner
ejecta) are dominated by the radiative flux from the central star, rather than shocks
or other mechanical processes (see Sect. 5.5).

5.4 Analysis: Physical Properties and Peculiarities

Here we review basic physical properties that can be derived from the spectral lines
in the inner ejecta.10 We discuss blobs B, C and D interchangeably because their
spectra are broadly alike.

5.4.1 Kinematics and Location of the Highly Ionized Gas

Kinematic data are essential for defining locations and origins of various types
of regions in the inner ejecta. We mentioned some results in Sects. 5.1 and 5.2,
and more information can be found elsewhere in this volume, in Chaps. 6 and 7.
The Weigelt knots have Doppler velocities around −40 km s−1 in both low and
high excitation emission lines. High ionization features such as [Ne III] have
Doppler widths of 65–70 km s−1 (FWHM), while [Fe II] and non-fluorescent
Fe II have FWHM ∼55 km s−1 (Sect. 5.3, and [91]). We expect features with
disparate ionization energies to form in different locations (Sect. 5.5, [77, 99]).

10Some of the text in Sect. 5.4.1 was contributed by K. Davidson and A. Mehner.
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In one plausible but unproven geometry, the blobs are mostly neutral (H0) gas
with ionized layers facing the central binary system. Since the hot secondary
star is the chief source of relevant ionizing photons, the ionized zone varies
during the 5.54 years orbit, leading to alternate appearance and disappearance of
high-ionization lines. At spatial resolution ∼0.05′′, HST spectroscopy shows that
locations of maximum [Ne III] and [Fe III] brightness approximately match those
of the low-excitation lines [75].11 Higher spatial resolution will be needed to show
ionization stratification. The differing line widths suggest that high-ionization zones
are only loosely related to the low-ionization material, and possibly ablating from
the blobs.

Ground-based spectra show blue wings of [Ne III], [Fe III], [Ar III], and [S III],
extending to local peaks near −380 km s−1 [1,14,42,52,95]. These are unrelated to
the Weigelt knots; HST spectroscopy shows that the blue-shifted [Fe III] originates
in a slightly elongated region with radius ∼0.1′′, centered near the star (Figs. 8 and 9
in [75]). The simplest guess is that these features come from our side of a mildly
oblate region in the outer wind, with densities low enough to emit forbidden lines
[75]. Larger-scale locations in the Homunculus are also possible, however. Helium
emission is not useful in this regard, because the complex He I line profiles combine
several distinct regions, including absorption in the wind.

Apart from the Weigelt knots, narrow high-excitation forbidden lines appear in
HST spectra of the star itself [75]. Based on their small widths, low velocities,
and de-excitation densities, they represent line-of-sight gas comparable to the
Weigelt knots, not the stellar wind. Given HST’s high spatial resolution, these
features’ response to the central UV output must be closely correlated with our
direct spectroscopic view of the star itself.12 In fact the line-of-sight [Ne III] and
[Fe III] intensities do vary systematically and non-trivially through the 5.54 years
cycle [16, 75]. Their growth, broad mid-cycle maximum, and gradual decline seem
reasonable in terms of photoionization by the secondary star as it moves along its
orbit, but no quantitative model has been developed. The line-of-sight data [75]
showed a conspicuous brief secondary maximum in [Ne III] and [Fe III] several
months before the 2003.5 event (Fig. 5.10). This may have been the time when
the orbiting secondary star was optimally located for photoionizing our line of
sight [77].

Narrow Balmer absorption lines also trace the ionized nebular gas (Sect. 5.4.6).
These features appear in spectra across the central 1′′ to 2′′, encompassing the star
and inner ejecta [27]. In HST spectra of the Weigelt blobs, they have heliocentric
velocities of roughly−46 to −50 km s−1 (Fig. 5.7). These values are similar to those

11Some earlier authors assumed that high-ionization lines originate diffusely between the star and
the Weigelt knots [99]. To some extent this may be true, but the brightness peaks are located as
stated above. HST had no imaging filters suitable for isolating the pertinent spectral lines.
12Strictly speaking, our view of the dense primary wind plus the hot companion star. The Weigelt
knots may differ because they “see” the star from other directions. The primary wind is not
spherically symmetric, and local circumstellar extinction may be both patchy and variable.
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for the narrow high-ionization emission lines [91]. During the 2003.5 spectroscopic
event, narrow Hβ absorption weakened while corresponding Hγ and Hδ absorption
disappeared, in a manner similar to the narrow H I emission lines. It therefore
seems likely that these absorption lines form in an ionized layer that is loosely
related to the blobs. In spectra taken along our direct line of sight to the star, there
is additional narrow Balmer absorption at −146 km s−1 [39]. This component of
ionized absorbing gas seems to have no relationship to either the stellar wind or the
blobs. It probably resides elsewhere in the inner ejecta, see Sect. 5.4.6.

5.4.2 Reddening, Extinction and Temperature

Extinction and reddening by dust can dramatically affect the observations. In
principle we can estimate the reddening, EB−V , by comparing emission lines that
share the same upper level. If optically thin, then their intrinsic flux ratios are

F1

F2
=

A1λ2

A2λ1
(5.1)

where F1, λ1, and A1 are the flux, wavelength and decay rate for line 1, etc.
Ideally we would measure enough lines at different wavelengths to characterize
the reddening curve. In practice, however, there are not enough well-measured lines
of this type. One could simply adopt a standard reddening curve for the interstellar
medium (e.g. [7]), but both the cirumstellar and interstellar extinction for η Car
are known to be anomalously gray with AV/EB−V > 4 rather than a normal value
around 3.1 [21]. Thus AV was probably about 7 mag for the central star in 1998,
but EB−V ∼ 1 [54]. Both these values appear to have declined since that time
[74, 76]. The blobs are thought to have much less extinction, in order to explain
their surprisingly large brightnesses compared to the central object [24].

Hamann et al. [47] measured suitable line pairs in HST/STIS spectra of blobs
B+D. They found EB−V ∼ 0.6, 0.7, and 0.8 mag, respectively, based on [Fe II]
λ 3175/λ 5551, [Fe II] λ 3533/λ 6355, and [Ni II] λ 4326/λ 7256. Investigations with
non-[Fe II] lines, however, have given EB−V � 0.2 [75,98]. It is difficult to reconcile
all these results, except to note that they span different wavelengths, and that a STIS
instrumental effect tends to counteract reddening for λ � 4500 Å [75].

Another way to estimate both reddening and temperature is to compare the
entire rich spectrum of [Fe II] lines to theoretical predictions. The observed [Fe II]
lines arise from metastable states at energies �4 eV, and densities in the Weigelt
blobs (Sect. 5.4.3 below) exceed the collisional de-excitation values for most of
them. Thus we can reasonably assume that the level populations are close to local
thermodynamic equilibrium. In that case the relative [Fe II] line strengths are given
by (5.1) multiplied by a Boltzmann factor for the upper states’ populations. With
enough lines spanning a range of wavelengths and excitation energies, we can solve
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Fig. 5.9 Observed [Fe II] line fluxes compared to LTE predictions at assumed temperatures
10,000 K (top panel) and 6,000 K (bottom), if E(B−V ) = 0.42 (AV = 1.3 with a normal reddening
law). The vertical scale is C + log10 Fobs/Ftheor, normalized to be zero for [Fe II] λ 5159. Lines
show expected values for E(B−V ) = 0, 0.42, and 0.84 mag, with a standard reddening curve. Each
point represents a different [Fe II] line in the spectrum of Weigelt blobs B+C. Symbols indicate
approximate upper-state energies: asterisks for Eup < 1.7 eV, crosses for 1.7–2.5 eV, circles for
2.5–3.7 eV, and triangles for Eup > 3.7 eV

for both reddening and temperature. Resulting temperatures are useful because the
usual nebular diagnostics [81] don’t work for the Weigelt blobs. For example, [O III]
λ 4363 and λ 5007 are too weak because of η Car’s low oxygen abundance, and
[N II] λ 5755/λ 6583 is too sensitive to density in this environment.

Using a few [Fe II] lines measured in blobs B+C+D with the pre-1997
HST/FOS instrument, and assuming that Te ∼ 8000 K, Davidson et al. estimated
EB−V ∼ 0.55 [24]. Figure 5.9 shows results of a more detailed analysis by Hamann
et al. [47] using every reliably measured [Fe II] line in the visual and red spectrum
of blobs B+C obtained in March 1998 with HST/STIS. Here each [Fe II] line’s
observed flux F(observed) is plotted relative to a theoretical value F(theoretical)
that assumes LTE conditions at temperatures 6000 and 10000 K, EB−V = 0.42, and
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a standard reddening curve with AV/EB−V = 3.1 (atomic data from [62]). Since η
Car has an abnormal AV/EB−V ratio as noted above, the AV values in Fig. 5.9 should
be regarded as estimates of the quantity 3.1EB−V , smaller than the true AV .

No temperature-and-reddening combination fits all the data. Levels above 2.5 eV
(circles and triangles in Fig. 5.9) agree fairly well with T ∼ 10000 K and EB−V ∼0.4,
but this choice under-predicts lower-excitation lines (asterisks). The latter are more
consistent with T ∼ 6000 K and EB−V ∼ 0.8. Qualitatively a discrepancy like this
can occur merely because there is a range of temperatures, so the high-excitation
lines preferentially represent the highest T – especially if dust within each blob
causes EB−V ∼ 0.1 or 0.2 mag of local reddening. Quantitatively, though, this
explanation requires a temperature range broader than 6000–10000K.

Most likely the actual gas temperatures are near 6000 K based on the lowest
energy levels (Fig. 5.9), while levels above 2 eV are over-populated by continuum
pumping. Permitted Fe II transitions absorb UV star light and populate states above
4 eV, followed by a cascade through the lower states. This “continuum fluorescence”
mechanism affects Fe II emission in AGN broad-line regions [79, 107], LBV winds
[53, 54], H II regions [97], and probably the “strontium filament” region in the
Homunculus ([4, 98] and Sect. 5.5 below). Eta Car has long been recognized as
a good locale for fluorescence in general (e.g., [18, 24, 46, 101]), and the likely
role of Fe II continuum fluorescence in the Weigelt blobs became clear in the late
1990s [47].

[Ni II] lines provide additional contraints. For example, the strong λ λ 7378,
7412 lines have an upper level about 1.8 eV above the ground state, while λ λ 7255,
7308 share an upper state near 2.9 eV. Their ratios are nearly immune to reddening
but sensitive to temperature. In the high density limit with LTE populations, the
theoretical λ 7378/λ 7308 ratio is about 21 for T ≈ 5000 K and 5 for T ≈ 10000 K
[42]. The observed value in blob D at 2002.5 was about 6, broadly consistent with
the [Fe II] results if there is some non-LTE over-population of the Ni+ upper states.

During the 2003.5 event, these line ratios signaled a drop in either the temper-
ature or the amount of fluorescence excitation. In blob D, for example (Sect. 5.3),
[Fe II] and [Ni II] lines with higher energy states tended to weaken more than the
lower-excitation lines. While this fact might have something to do with declining
amounts of continuum photo-excitation, the [S II] changes described in Sect. 5.3 are
more readily interpreted as a temperature decrease of ΔT ∼−700 to −900 K.

Thus the observed changes in the line ratios suggest a temperature decline
over 2–3 months. This is much longer than the radiative cooling time. For the
nominal composition and physical conditions we derive for the blobs (see below),
a representative cooling time is 1–10 days based on calculations in [12] and
G.J. Ferland’s unpublished Hazy ionization-code manual. In addition, the blobs are
located just several light-days from the star. Thus it appears that the temperature
responded to changes in the spectral energy output from the central source, with
only small delays due to cooling and light travel times (see also Sect. 5.5).
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5.4.3 Densities

The rich emission line spectra provide various density indicators. The most reliable
involve ratios of lines with similar upper-state energies, i.e., members of a multiplet,
to minimize the temperature sensitivity. Such ratios can be sensitive to electron
densities ne if they are within an order of magnitude or so of the critical densities
for collisional de-excitation [81]. Most estimates for the Weigelt blobs provide only
lower limits to ne because each observed line ratio is near the high-density limit.
Hamann et al. [47] found these results: ne > 104 cm−3 based on [S II] λ 6716/λ 6731,
ne > 106 cm−3 from [S II] λ 4069/λ 6731, ne > 107 cm−3 from [Fe II] λ 7155/λ 8617,
and ne ∼ 108–109 cm−3 from [Ni II] λ 3439/λ 3993 and λ 7412/λ 7387. Wallerstein
et al. [102] estimated ne ≥ 107 cm−3 based on [S II] λ 4068/λ 4076. The classic
ratio [O II] λ 3729/λ 3726 is not detected due to the low oxygen abundance, and
the analogous [N I] λ 5201/λ 5198 lines are severely blended with Fe II and [Fe II].
Later work [98] produced similar results using photoionization models.

The spatial and spectral complexity of the inner ejecta suggest that there is a
range of densities. The estimates quoted above apply to low-ionization gas and
they are skewed toward high densities which give the largest emissivities. There
are no simple line-ratio density indicators for the more highly ionized gas, but we
obtain some constraints from the observed time scales for H I and He I emission
changes during spectroscopic events. Such changes cannot be much faster than the
recombination time trec ∼ 1/αne , where α is a recombination rate coefficient. At
the beginning of the 2003.5 event, the H I and He I line fluxes dropped substantially
in less than 10 days [16, 17, 50]. This fact implies densities ne > 106 cm−3 and
ne ≥ 107 cm−3 in the He I and H I emitting regions, respectively.

We conclude that ne ∼ 107–108 cm−3 is a reasonable estimate for the main
emitting regions in the blobs, but other density regimes may also be present.

5.4.4 Composition

The composition of the ejecta is relevant to dust formation in the stellar wind and
to nucleosynthesis and mixing processes in the stellar interior. The amount of CNO
processing is of particular interest for η Car. Hydrogen burning via the CNO cycle
produces no net change in the total number of C+N+O nuclei, but the reaction
rates in equilibrium lead to a net conversion of C and O into N. Spectra of the “outer
ejecta” (just outside the nominal outer boundary of the bipolar Homunculus) show
that nitrogen exceeds C+O there [23]. Inside the Homunculus the logarithmic N/O
abundance relative to solar is very large, 2.0 ≤ [N/O] ≤ 2.5 [30], while the ejecta
far outside it have nearly solar N/O [88,93]. The outer ejecta thus appear to contain
the first CNO processed gas to be expelled, possibly just before the ∼1843 eruption
(see also [105]). The stellar wind today is also CNO-processed [54].
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If the blobs and inner ejecta were expelled after the Homunculus (Sect. 5.1),
then they too should contain heavily CNO processed gas. The most reliable
abundance estimates rely on lines that form in the same physical conditions.
Hamann et al. [47] used the N III] λ 1750 and O III] λ 1664 inter-combination lines
to estimate [N/O]> 1.8 (i.e., n(N)/n(O)> 60) in blobs B+D. They also estimate
[Fe/O]∼ 2.0–2.3, based on [Fe II] λ 8617/[O I] λ 6300 and [Fe II] λ 7155/[O I]
λ 6300, where the factor-of-2 uncertainty comes mainly from the uncertain density.
These results are consistent with an estimate that [C/Ne] and [O/Ne] are both
roughly −1.7 to −2.0 based on photoionization models [99]. We conclude that the
blobs and associated high-ionization gas are heavily CNO-processed.

The dust content of the blobs is more uncertain. The fact that we see a reflected
spectrum of the star in the blobs indicates that dust is present. Mid-IR observations
show warm dust in the inner ejecta [9, 90]. The strutures seen in the mid-IR
images closely correspond with the knots seen in the visible although they are
not spatially coincident. The visible structures, dominated by scattering, trace the
walls of the dense clumps of dust, while the infrared structures are identified
with the emission from hot dust, probably the external layers of the clumps. This
observational evidence is consistent with the theoretical dust temperatures, which
indicate that dust can survive closer to the star than the nearest Weigelt blob B
[21,90]. The infrared flux appears to be decreasing from 2002 to 2005 [2], but is not
correlated with the 2003.5 event or with orbital phase. It may be due to enhanced
dust destruction in response to the increased stellar flux.

To avoid projection effects and determine how much dust actually resides within
the line-emitting blobs, we can examine the gas phase depletions of refractory
elements like Fe, Cr, Ni, Ti and Ca compared to non-refractory elements like
C, N, O, Ar and S. In cool interstellar gas clouds in our Galaxy, refractory elements
are typically depleted by factors of 10 to >100 because they are locked up in dust
grains [86]. Iron, in particular, is depleted by a factor of ∼200 in cool Galactic
clouds. In the Weigelt blobs, however, one study of [Fe III] lines found the Fe/H
abundance to be roughly half solar [99]. If we combine this with an estimate
by Hillier et al. [54, 55] for solar Fe/H in the star, we conclude that iron is not
strongly depleted in the vicinity of the blobs. This result is consistent with a cursory
inspection of the low-ionization blob spectra, wherein emission lines of Fe, Ca and
Ti are well represented compared to the lines of non-refractory elements like S and
even the grossly overabundant N. Thus the depletions of refractory elements are
much smaller in the blobs than in cool Galactic clouds.

There are two other hints that the dust-to-gas ratio is small in the blobs. First,
the strong fluorescent emission lines of Fe II and O I pumped by Lyα and Lyβ ,
respectively, require many scattering events in the Lyman lines (Sect. 5.4.5 below).
A “normal” Galactic amount of dust would destroy the Lyman line photons before
they are absorbed substantially Fe II or O I. Second, energy budget considerations
indicate that the blob material (like the Homunculus on much larger scales) has a
relatively unobscured view of the central object [24]. If much dust is present, it must
have a patchy distribution so that starlight can largely avoid it by scattering [55,74].
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5.4.5 Fe II and Fluorescent Line Emission

Spectra of the blobs and inner ejecta are strongly affected by resonant fluorescence.
Fe II has by far the richest spectrum of known fluorescent lines, including a
spectacular pair at 2507.6 and 2509.1 Å (Fig. 5.5, [24,25,46,64,100]). There are also
fluorescent lines of O I, Cr II, Fe III, Ni II and possibly Mn II [68, 70, 111]. Their
upper energy states are vastly over-populated because of accidental wavelength
coincidences with H I Lyman lines. An interesting exception is Mn II, which
apparently absorbs a strong UV line of Si II [68]. Fe II and O I fluorescence has
been discussed thoroughly [33, 37, 81, 87] for a variety of stellar environments,
including symbiotic stars and of other early-type stars with dense circumstellar
envelopes [8, 44, 45, 48, 63, 65, 82, 85]. In general this phenomenon can help us
diagnose physical and radiative conditions in the emitting regions.

The fluorescence in Fe+ is “pumped” by Lyα and yields a unique pattern of emis-
sion lines. The primary cascade lines appear in the UV between ∼1800 and 3000 Å
and also in the far-red between ∼8000 and ∼10000 Å ([46] and refs. therein).
Figures 5.4 and 5.5 above show examples of Fe II fluorescent lines in the blob D
spectrum. These lines would not be detectable without this form of excitation.

The strongest fluorescent lines in η Car are the Fe II λ λ 2508,2509 shown in
Fig. 5.5. Their particular excitation has been discussed extensively by Johansson
et al. [64, 69]. They constitute an interesting puzzle because they appear far too
strong compared to other lines arising from the same upper states; transitions to
particular lower states are anomalously favored. Johansson et al. [69] and Johansson
and Letokhov [66] proposed that stimulated emission is responsible – a natural UV
laser! This hypothesis is controversial because it seems incompatible with simple
estimates of the photon densities [21, 109]; more work is needed. In any case, Lyα
fluorescence clearly does control the excitation of λ λ 2508,2509.

Figure 5.4 also shows fluorescent O I λ 8446, which represents a secondary
cascade from an energy state pumped by H I Lyβ . The importance of fluorescent
excitation in this case can be deduced from the relative strengths of the primary
cascade lines in the near-IR (e.g., λ 11287/λ 13165) and from the strength of λ 8446
compared to non-fluorescent O I λ 7773 [46]. The O I resonance wavelength differs
from Lyβ by only 0.04 Å or 12 km s−1. Given the high Lyβ opacity expected in
these regions, Lyβ photons incident from the outside would have little effect on the
O0 excitation. Therefore O I fluorescence must be driven by Lyβ photons created
within the blobs; we will return to this point below.

Simple considerations of the fluorescence processes lead to useful constraints on
the physical conditions. For example, the Fe+ transitions that absorb Lyα arise from
metastable lower states which must be significantly populated. These populations
can be maintained by collisions if the gas densities are above the critical values for
those levels, ne ≥ 106 cm−3, consistent with our estimates in Sect. 5.4.3 above.

Another constraint involves ionization. Strong O I emission requires a significant
amount of neutral gas, since n(O0)/n(O+) is closely coupled to n(H0)/n(H+) by
charge exchange reactions. The Fe II emission regions are also expected to have
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appreciable amounts of H0 (Sect. 5.5 below and [98]). However, Lyα and Lyβ
photons must be abundant in order to drive the fluorescence. Any Lyman line that
is incident from the outside will be blocked by the extremely large line opacities
of H0. Therefore, the fluorescence observed in Fe II, O I, etc. is caused by Lyman
line photons that are created locally inside the emitting regions (see also below and
[46]). This requires a particular ionization balance with enough neutrals to maintain
sufficient O0, Fe+, etc., but also enough H+ to produce Lyman line emission. In a
photoionized gas, this balance is achieved in zones of partial ionization just behind
(i.e., on the more-neutral side of) the H+–H0 recombination front [3, 98].

One can think of Fe II fluorescence as an escape route for Lyα photons that
are otherwise trapped. The low Fe/H∼Fe+/H0 abundance ratio means that such
photons will scatter many times from hydrogen atoms before being absorbed
by Fe+. Some of this absorption occurs in Fe II lines that have relatively poor
wavelength coincidences with Lyα (1215.67 Å). For instance, the strong Fe II
λ 2508 line is pumped by a UV transition offset by 630 km s−1. Therefore, if the Lyα
line profile in this gas is symmetric, it cannot be much less than 1260 km s−1wide.
For another strong fluorescent line, Fe II λ 9123, the corresponding value is
1340 km s−1. Since fluorescent Fe II lines with poorer wavelength coincidences are
absent, 1300 km s−1 is a fair estimate of the full width of the exciting Lyα line
within the gas [46,50]. Similar results have been derived from the Cr II fluorescence
features [111].

Locally-emitted Lyα photons can indeed be distributed across this wide range in
apparent velocities because of natural broadening. If the line-center optical depth
is large, τ0 ≥ 104, then the Lyα absorption profile is dominated by damping wings

and FWHM ∼ 0.18vD τ1/3
0 , where vD is a characteristic doppler width [32]. Our

estimate FWHM(Lyα)∼ 1300 km s−1 implies that Lyα has τ0 ∼ 3× 108, which
corresponds to an H0 column density of N(H0) ∼ 3× 1021 cm−2 if the velocity
distribution is thermal and Te ∼ 7000 K. This estimate agrees well with theoretical
predictions for dense Fe II emitting regions [3, 33]. If the Fe II emitting region in η
Car is ∼20% ionized [98], then the total hydrogen column would be roughly N(H)∼
4× 1021 cm−2. This is much smaller than the probable column density through an
entire Weigelt blob (Sect. 5.1), which is consistent with the fluorescent lines forming
in boundary layers between the neutral and ionized gas.

Another important constraint comes from the O I fluorescence. In low-density
H II regions where the optical depth in Hα is not large, Lyβ is converted, after
only about 10 scattering events, into Hα plus Lyα photons which then escape:
“Case B recombination.” This situation cannot produce O I fluorescence because
a typical Lyβ photon is scattered by H0 about 5× 104 as often as by O0, leaving
little opportunity for O0 to absorb Lyβ [22, 37]. O I fluorescence therefore requires
large optical depths in Hα in order to trap the Hα photons and inhibit the conversion
of Lyβ into Hα +Lyα . This in turn requires a large population in the n = 2 level of
H0. If we could view this gas against the background of a bright continuum source,
we should see strong narrow absorption in the Balmer lines (see Sect. 5.4.6 below)!
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Finally, it has been suggested that the Lyα photons needed for the Fe II
fluorescence come from the stellar wind rather than in situ emission in or near
the Weigelt blobs [20, 50, 66, 98]. This might seem plausible because (1) the Lyα
intensity from the star should be much stronger than the adjacent stellar continuum
[54], and (2) the width of the Lyα profile can be FWHM∼ 1340 km s−1 because the
wind speeds can exceed 500 km s−1 [54,89]. However, it is not clear that the wind’s
Lyα profile really is this broad; the observed stellar Balmer lines are narrower
(Fig. 5.7, [28, 55]). Several other stars with strong nebular Fe II fluorescence have
even narrower H I lines than η Car, though their fluorescent spectra also require
Lyα with FWHM∼ 1300 km s−1 [44, 45]. Therefore an external source of broad
H I emission lines does not seem to be important for the fluorescent Fe+ excitation.
A more serious concern is that the large Lyman line opacities would prevent external
photons from penetrating the blobs to drive the fluorescence. We noted above that
Lyβ photons from the outside cannot play any role in the O I pumping. The large
Lyα opacities in the blobs imply that external Lyα photons could pump Fe II only in
transitions that are far removed from the Lyα line center; the other Fe II lines need
to be pumped by locally created Lyα . Thus there would need to be two fluorescent
processes operating at the same time and varying in unison during the spectroscopic
events. Moreover, it is not obvious why the star’s Lyα intensity would vary as
needed because, for example, the stellar Balmer line fluxes change by only a factor
of ∼2. Overall, the observed Fe II fluorescent lines are more easily understood if
they are linked to the ionization and the local creation of Lyα photons.

5.4.6 Narrow Nebular Absorption Lines

Narrow absorption lines of H I and some low-ionization metals appear across the
1–2′′ core of the Homunculus, including the central star and the Weigelt blobs [19,
26,38,40,47,71,80]. Figure 5.7 shows, for example, narrow absorption in Hδ and Hγ
in the spectrum of blob D. These features are clearly not related to the broad P Cygni
wind profiles. At least some of them form in the inner ejecta (see below), while
others apparently arise farther out in the “Little Homunculus” or in the outer shell
surrounding the Homunculus itself [38,40,80]. This situation is highly unusual; one
does not generally see Balmer absorption in the ISM or even in denser-than-average
nebulae because very few H I atoms there are in the n = 2 level.

The metal absorption lines have low ionizations typified by Fe II and Ti II.
In spectra towards the star they show at least 30 distinct velocity components,
with the strongest features near −146 and −513 km s−1. In the blob spectra the
absorption components are less distinct and their velocities are different [80]. A
detailed analysis of the stellar spectrum [40, 80] shows that many of the Fe II and
Ti II lines arise from metastable excited states, so densities in the absorbing gas
must be near or above those states’ critical values. Gull et al.[40] estimate that
the strong system at −146 km s−1 has ne ∼ 107–108 cm−3and T ∼ 5700–7300 K,
located roughly 1300 AU from the star. The relevant column density in Fe+ is
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∼5×1015 cm−2. If we assume that Fe/H is solar and all of the iron is singly ionized,
then the corresponding hydrogen column is NH ∼ 2× 1020 cm−2. They also note
that metastable Fe+ levels below ∼3.2 eV are approximately in LTE, while those at
higher energies are overpopulated compared to LTE – similar in this respect to the
Weigelt blobs as discussed above. The estimated location places the absorbing gas
within the inner ejecta, at r < 1′′, but it is clearly distinct from the blobs since it has
a different velocity and lies along our line of sight to the central star.

Balmer absorption lines in a nebular environment are surprising because they
require significant populations in the n = 2 level of H0. A line-center optical depth
of τ0 ≥ 1 in Hγ , for example, implies a column density N(n = 2)≥ 3×1013 cm−2 if
the doppler velocities are thermal with T ≈ 7000 K. This requires a dense gas that is
neutral enough to have H0 but also ionized enough to populate the n = 2 level. This
situation is believed to occur in the broad emission line regions of quasars [22, 35],
and Balmer line absorption has been observed directly in quasar outflows where the
densities and ionizations might be similar to the inner ejecta of η Car [41, 58].

One way to populate the H I n = 2 level is by collisions in a warm gas where
this level is thermalized, such that the downward rate due to electron collisions
exceeds the net rate for radiative decays. At first sight this would require an absurdly
large electron density – except that almost every radiative decay is nullified,
macroscopically speaking, when the fresh Lyα photon is immediately absorbed in
an excitation event. Therefore our net radiative decay rate includes only the few Lyα
photons that escape from the vicinity. In this case the minimum density for strong
collisional de-excitation is roughly given by

ne q21

A21β
≈ ne τ0

ncr
≥ 1 , (5.2)

where q21 is the downward collision rate coefficient, τ0 is the line-center optical
depth in Lyα , β ∼ 1/τ0 is the escape probability for Lyα photons, and ncr ≈
A21/q21 ∼ 1017 cm−3 is the critical density for the n = 2 level at Te ∼ 7000 K in the
absence of Lyα entrapment. For ne ≤ 109 cm−3, thermalization requires τ0 ≥ 108

and thus a total H0 column density N(n = 1) ∼ N(H0) ≥ 1021 cm−2, assuming a
thermal velocity dispersion. This corresponds to N(n = 2)≥ 2× 1014 cm−2 in LTE
at 7,000 K, easily sufficient to produce τ0 > 1 for the Balmer absorption lines.

These physical conditions are reasonable for the partially ionized gas associated
with the Weigelt blobs. In fact, they resemble what we inferred from the fluorescent
emission lines (Sect. 5.4.5). However, thermalization is an extreme requirement.
Balmer absorption lines can occur at values of N(Ho) and τo(Lyα), below the
thermalization limit if recombination is also important for creating Lyα photons
that are subsequently trapped. The inability of these Lyα photons to escape can lead
to n = 2 populations that are significantly enhanced relative to LTE [41].

This general scheme for observable Balmer absorption is supported by measure-
ments of damped Lyα and Lyβ absorption lines in spectra of the central star [55].
The origin of the damped lines is uncertain because they are too broad to measure
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their kinematics. However, they clearly form in the nebular environment of η Car
and a likely location is in the Balmer line absorber discussed above. The neutral
hydrogen column density derived for the damped absorber, N(Ho)∼ 3×1022 cm−2,
is also consistent with the conditions needed for Balmer line absorption.

Another factor that might play a role is the metastable nature of the H0 2s state
[71]. Radiative decays from 2s occur primarily by 2-photon emission with transition
probability ∼8 s−1, compared to ∼6× 108 s−1 for Lyα decay from 2p. Therefore
the 2s level thermalizes at much lower density than 2p. On the other hand, collisional
mixing between the l states (e.g. 2s ↔ 2p) may help to depopulate 2s. Detailed
calculations are needed to examine the various processes controlling H0 ionization
and n = 2 population in environments consistent with the absorbers in η Car.13

In any case, the narrow absorption lines clearly represent important gas compo-
nents in the Homunculus. Some of the absorbers reside in the inner ejecta with large
column densities and physical conditions similar to the Weigelt blobs. They appear
to be blob-like material that happens to be viewed against a bright background
of direct or reflected starlight. The narrow Balmer absorption lines seen toward
the blobs might actually form in an outer ionized layer of the blobs themselves
(Sect. 5.4.1). However, the distributed appearance of the Balmer and other narrow
absorption lines across the inner ejecta, with a range of velocities, shows that these
absorbing regions are much more extended than the individual Weigelt blobs. They
might also contain a significant amount of mass (Sect. 5.6 below).

5.4.7 Mass of the Weigelt Blobs and Inner Ejecta

The mass of ejected material has direct implications for the nature, evolution, and
instabilities of the central star. We can estimate this mass from the strengths of
forbidden emission lines. This is fairly straightforward because the relevant level
populations are close to LTE (see above); the observed flux is therefore proportional
to mass rather than mass times density. Davidson et al. [24] used the [Fe II]
λ 5376 flux measured in HST observations of a 0.3′′ region including Weigelt blobs
B+C+D, and found ∼0.002 M� assuming all of the iron is Fe+, solar Fe/H
abundances, 3 mag of extinction, and LTE at Te = 8000 K. This estimate is surely
a lower limit because it ignores possible depletion of iron into dust grains and it
applies only to the emitting regions of [Fe II] λ 5376. (It excludes the more highly
ionized zones, see Sect. 5.5). Nonetheless, if we adopt a diameter 0.1′′ ≈ 230 AU

13Johansson et al. [71] argued that the 2s population is regulated by absorption of Lyβ photons
from the central object. However, that scheme ignores the large Lyman line opacities in the
absorbing nebula (see also Sect. 5.4.5). We also note that most of the environments favored by
their calculations for Balmer line absorption would be optically thick to Thomson scattering at all
wavelengths.
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for each blob (Sect. 5.1), we find that this mass corresponds to an average density
nH ∼ 3 × 107 cm−3within them, reasonably consistent with our estimates above
(Sect. 5.4.3).

We can estimate the mass outside the blobs by using emission lines measured
through a larger 1′′aperture. Starting with the measured flux in [Fe II] λ 7155 [46],
we reduce this flux by 20% to represent only the narrow (non-stellar) emission
component, correct for 2 mag of red extinction, assume solar Fe/H, and LTE
populations with Te = 7000 K. The result, ∼0.006 M�, is three times larger than the
Davidson et al. estimate for the inner 0.3′′. A similar calculation applied to [Ar III]
λ 7136 in the same ground-based data (but including its entire flux because it appears
to be entirely nebular, Sect. 5.4.1), yields ∼0.002 M� for higher ionization gas.

The narrow absorption lines might provide a rough estimate of the nebular mass
independent of extinction. For instance, if the Balmer line absorber covers an area
of 1′′ × 1′′ ≈ 23002 AU2 and its average column density is N(H0)∼ 5× 1021 cm−2

(well below the value measured toward the star but above the minimum needed for
thermalization, Sect. 5.4.5), then the total mass in this absorber is ∼0.005/ f0 M�,
where f0 = H0/(H0 +H+)<1 is the neutral fraction.

To some degree, we can simply add these mass estimates together because they
represent different gas components. Doing this we find a minimum total mass of
∼0.013 M� within the central 1′′ × 1′′. However, the values based on emission
line fluxes are only lower limits because (1) they probe just the optimal emitting
regions for particular lines, and (2) the extinction corrections may be larger if, as
expected, the obscuration is substantially gray (Sect. 5.4.2) or the dust distribution is
patchy (Fainter regions may be those with more extinction rather than less emission,
Sect. 5.1). Based on these considerations, the total mass in the inner ejecta is most
likely in the range ∼0.02–0.05M� (see also [25]).

5.4.8 The Strontium Filament

The “strontium filament” is a patch of nebulosity located several arcsec northwest
of the star. It is remarkable for its Sr II and [Sr II] emission lines as well as some
extraordinarily low-ionization features [4–6, 49, 110, 111]. Not really a filament,
this structure is much larger than the Weigelt blobs and has more complicated
kinematics. Studies of the Sr filament may be helpful for understanding the inner
ejecta.

Its spectrum is essentially a lower-ionization version of that emitted by the
Weigelt blobs. It is dominated by emission from species such as C0, Mg0, Ca0, Ca+,
Sc+, Ti+, V+ and Mn+, in addition to the signature Sr+ lines [49]. Its iron spectrum
has more Fe I and [Fe I] than Fe II and [Fe II], and there are none of the fluorescent
lines of Fe II, O I, etc., that require partially ionized gas (Sect. 5.4.5). There are also
no H I or He I emission lines; the hydrogen must be essentially neutral.

Spectroscopically, the Weigelt blobs most resemble the Sr filament during a
spectroscopic event. At such a time the blobs’ H I and He I lines become extremely
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weak, fluorescent lines disappear, and the lowest ionization features like [Ca II] and
Ti II and [Ti II] strengthen (Sect. 5.3). The blobs never become as neutral as the
Sr filament, but overall the conditions then appear to be similar. Calculations of
multi-level Sr+ and Ti+ atoms in the Sr region [4, 5] suggest that the free electron
densities there are of order ne ∼ 107 cm−3 at temperatures of Te ∼ 6,000 K (cf.
Sects. 5.4.2 and 5.4.3). Considering that the gas is mostly neutral, the total hydrogen
density may be substantially higher. The energy source for this region’s line
emission is believed to be incident stellar radiation. However, the lower ionization
in the filament cannot be explained merely by its distance from the star. The stellar
spectrum seen by the filament appears to cut off sharply above ∼8 eV, limiting the
ionization state to neutrals and some singly-ionized species in the iron group [49].
The Weigelt blobs see a harder stellar spectrum, even during a spectroscopic event.

The strong metal line emissions from both the blobs and the Sr filament are
believed to be excited by a combination of collisions and photo-absorption of the
stellar visible and near-UV flux, i.e., by continuum pumping (see below).

5.5 Line Formation Physics

The rich emission-line spectra discussed above present many diagnostic opportuni-
ties but also a basic problem: How are they produced? The importance of radiation
from the star is evident in the spectroscopic events. For example, the stellar wind
P Cygni features reflected by dust in the blobs change at roughly the same time as
the in situ narrow emission lines (Sect. 5.3 and Fig. 5.7). Changes in the star and in
the blobs track each other within a month or less (see also [16,28,55,94]). This fact
probably indicates that the blob spectra are responding to changes in radiation from
the star (or rather the two stars). Evidently this is the energy source for ionization
and excitation inside the blobs. The other possibility, kinetic energy in the stellar
wind, is less powerful and is ruled out by the event timings (also Sect. 5.3).

Verner et al. [98, 99] and Mehner et al. [75] used photoionization codes to show
that most properties of the blob spectra can, indeed, be matched by dense clouds
irradiated by sources like those expected for the primary star and its putative hot
companion. In these models the high-ionization lines of [Ne III], [Ar III], He I, etc.,
form in (H+) layers directly exposed to the central source, while Fe II, [Fe II], Ni II,
[Ni II], [Ca II], Ti II, [Ti II], etc., form in a warm, partially ionized environment
behind the H0–H+ recombination front. The predicted temperature there is roughly
5,000–7,000K and the H+/H fraction ranges from ∼50% in the warmest regions to
∼15% farther behind the front [98]. Collisions and UV continuum pumping together
produce strong emission from Fe II, [Fe II] and similar ions.

Circumstances like these have often been discussed for the Fe II emission regions
of active galactic nuclei [3, 35, 79, 96, 107]. Continuum pumping dominates the
excitation of Fe+ and similar ions for energy levels above a few eV [4,5,53,98,99].
Thermal collisional excitation populates metastable lower states, which serve as
launching pads for continuum pumping to the higher states [3, 98].
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The well-studied line absorber at −146 km s−1 appears to be blob-like material
seen against the background of the stellar continuum (Sect. 5.4.6). Specific calcu-
lations for that environment indicate, again, that low states of Fe+ are populated
by collisions at Te ∼ 6400 K and ne ∼ 107–108 cm−3. UV absorption lines directly
measure continuum pumping out of these states [39]. Narrow Balmer absorption
lines at this same velocity in the stellar spectrum indicate that the low-ionization
absorber is accompanied by enough hydrogen ionizations to populate the n = 2
level of H0.

These results take us a long way toward understanding the spectra of the Sr
filament and inner ejecta, but there are complications. The most basic is that the
local ionization waxes and wanes with the 5.54 years event cycle. To some degree
we can think of this as a spatial movement of the H0–H+ recombination front.
Between spectroscopic events, such a front must exist somewhere in the region
of interest, because we see both low and high ionization lines.14 During each
spectroscopic event, however, the spectral signatures of the (H+) zone dramatically
weaken throughout the inner ejecta. The recombination front must then be much
closer the central star.

A key to understanding these ionization changes is in the detailed timing of the
transition from spectroscopic high to low states. First one sees a decline in the
[Ne III], [Ar III] and He I lines, followed in order by [Fe III], Si III], N II, [N II]
and H I, according to their ionization energies (Sect. 5.3, also [16] and refs. therein).
Before the event there must be a significant flux with hν > 41 eV to maintain the
Ne++. But then, over about 2 weeks, the source cutoff energy slides down to the
Lyman limit at 13.6 eV. This behavior reverses during the recovery phase, but over a
longer time. Meanwhile, most low-ionization features, notably [Fe II] and the non-
fluorescent Fe II lines, remain fairly steady. Their ionization and excitation must be
less affected by changes in the flux above the Lyman limit. The lowest-ionization
lines, [Ca II] and [Ti II], strengthen during an event – most likely due to a general
shift in ionization from Ca+2 and Ti+2 toward Ca+ and Ti+.

Mehner et al. [75] reported the [Ne III] and [Fe III] behavior shown in Fig. 5.10,
including a strong peak several months before the 2003.5 event (see Sect. 5.4.1
above). These HST/STIS data refer specifically to gas along our line of sight to
the star, with a velocity of −40 km s−1 like the Weigelt blobs. The blobs vary in a
similar way, but the peak just mentioned was not reported in ground-based data [16].

The Sr filament, on the other hand, has a lower ionization spectrum and remains
that way throughout the event cycle [49]. Evidently the H0–H+ ionization front
never reaches that region, although the stellar flux would normally be strong enough
to do so. Some intervening gas must block the stellar UV continuum and impose
a cutoff above ∼8 eV at that location of the filament [49]. The shield must be

14H0 and H+ can be diffusely mixed in comparable amounts, with no well-defined ionization front,
only if the “photoionization parameter” UH is very small [22]. Straightforward models do not allow
such small values in η Car’s inner ejecta [75].
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substantially non-ionized, with large bound-free opacities not just in H I but also
in complex atoms with ionization thresholds near 8 eV. The leading candidates are
Mg0, Si0, and Fe0 with ionization energies 7.6, 8.1, and 7.9 eV. The nature of this
UV shielding medium is almost as intriguing as the Sr filament itself, but we should
keep in mind that UV extinction may occur throughout a range of locations.

The most puzzling aspect of line emission from the Sr Filament and the Weigelt
blobs during an event is that neither region appears to contain a significant amount
of H+. Hydrogen recombination lines are very weak or absent (Sects. 5.3 and 5.4.7).
The photoionization calculations cited above generically predict that the low-
ionization emitting zones should be partially ionized. Some amount of ionization
is necessary to provide photoelectric heating and free electrons. If hydrogen and
helium are entirely neutral, then the burden for these tasks falls entirely upon the
heavy elements and possibly dust grains. This seems problematic because it would
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lead to very small electron fractions and temperatures insufficient to collisionally
excite even the low-energy forbidden lines in species like Fe+ or Fe0. There should
be some amount of ionization leading to H I line emission during all phases of the
event cycle.

The solution to this problem is not obvious. One possibility is that significant H+

exists in these regions but has escaped detection. Quantitative upper limits to Balmer
lines in the Sr Filament have not been reported; Hartman et al. [49] imply that they
are weaker than other lines. Weak nebular H I lines are difficult to measure near η
Car because they are blended with the dust-reflected broad stellar wind lines. Blob
D as described in Sect. 5.3 appears to have narrow Hα and Hβ emission during
the low-ionization states, but these are weaker than before the event and Hγ and
Hδ are hard to detect (Fig. 5.7). If we compare the weak-state narrow Hβ flux to
a typical [Fe II] line, we find that the ionized fraction H+/H in blob D during the
2003.5 event was less than 1/10 of the values 15–50% predicted by models of the
Fe+ emitting region [98].15 The disappearance of Fe II fluorescence pumped by
in situ Lyα (Sect. 5.4.5) also suggests that the Fe II zone is effectively H0 during
an event. Meanwhile the temperature drops by only about 10% and collisionally
excited [Fe II] lines remain nearly steady, as though they have nothing to do with
the changing ionization.

Another possibility is that shocks or turbulence in the outflow provide just the
right amount of heat and free electrons without significantly ionizing hydrogen. This
process might be supplemented by absorption of the stellar flux by heavy elements
and possibly dust grains. It is not at all clear whether this scenario is viable, but it
is worth investigating because these processes are unrelated to the incident far-UV
flux and the hydrogen ionization. They might provide a natural explanation for the
steadiness of some low-ionization emission throughout the 5.54 years event cycle.

A third possibility is that the gas is too cool for collisional excitation but
some other process drives the low-ionization emission. Continuum pumping is
expected to play an important role, which may be enhanced if non-thermal motions
(e.g., turbulence) broaden the lines and thus enhance the photo-excitation rates
[3, 79, 98]. Continuum pumping ties low-ionization lines directly to the relatively
stable near-UV and visible spectrum of the central object. However, collisional
excitation at some reasonable temperature is still needed to populate the low-energy
metastable states, facilitating continuum pumping to higher states. As noted earlier,
low metastable states of Fe+, Ti+, etc., in the blobs and Sr Filament appear to have
LTE-like populations with T ∼ 6000–7000K (Sect. 5.4.2, and [4]). Somehow this
occurs without much hydrogen ionization. This presents a problem because at 6000–
7000 K with 107 electrons per cm3, the Saha eqn predicts more H+ than H0!

15Here we assume Case B recombination for Hβ and LTE for [Fe II], with nH ∼ 107 cm−3 and
T ≈ 7,000 K.
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5.6 Summary: The Nature and Origin of the Inner Ejecta

The inner ejecta are dominated observationally by the Weigelt blobs, which appear
to be concentrations of warm, relatively dense gas that is heated, photo-excited
and usually (apart from the spectroscopic events) photo-ionized by the central
continuum source. Considerable amounts of gas also exist outside the blobs,
including prominent absorption line regions and some faster and less dense gas that
emits [Ne III], [Ar III], etc. The blobs, at least, represent heavily CNO processed
gas emitted from the primary star roughly a century ago. There appears to be little
dust within the main emitting and absorbing condensations of the inner ejecta, but
our knowledge of the amount and spatial distribution of this material is limited
by uncertainties in the patchiness and amount of the (rather gray) foreground
extinction.

There are at least two leading unsolved puzzles in the emission line physics.
The most fundamental concerns the heating and weak ionization of the gas that
produces strong emission from ions like Fe+, Ni+, Ca+, Ti+ and Sr+. Existing
photoionization and photo-excitation models imply that this gas should be partially
ionized, with significant amounts of H+; but the data indicate that hydrogen is
practically non-ionized in the blobs during the spectroscopic events (and in the Sr
filament at all times). Another puzzle involves the bizarre line ratios emitted from
Lyα-pumped levels of Fe+ that produce the strong λ 2508 and λ 2509 lines.

We conclude with a reminder about the broader goal of studies of the inner
ejecta – to understand the nature and evolution of the central object. Here let us
mention one particular topic that deserves more study. During the transitional phases
at the beginning and end of a spectroscopic event, the UV flux from the central
star(s) is extinguished by varying amounts/properties of a shielding gas. Moreover,
the event timings observed in various ions (Sect. 5.3) imply that the cutoff energy
slides from the far-UV to the near UV and back again. Calculations are needed to see
what might cause this behavior. It cannot occur merely by variable column densities
in a neutral medium. A more realistic scenario would involve column densities in
partially ionized gas, possibly combined with varying degrees of ionization.

In the binary model of the central object, radiative shielding occurs when the hot
companion star plunges deep inside the dense wind of the primary (Sect. 5.2). The
shielding medium is the dense wind, perturbed or enhanced by its interaction with
the hot binary. Quantitative spectral studies of the inner ejecta, especially during
the transition phases, should be very helpful for constraining basic properties of the
companion star, its wind, and the binary orbit/orientation. For a few days before
and after periastron passage, some regions of the inner ejecta should be lit up
by far more UV radiation than others. New observations with enough spatial and
temporal resolution might allow us to see this pattern of illumination move across
the inner ejecta, as has been suggested already for some nebulosity farther out in
the Homunculus [92]. The best tracer for these effects is probably the [Ne III]
λ 3868 line because its emission is tied directly to the far-UV output from the hot
companion and its profile is not blended with reflected features from the stellar wind
(see [75]).
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the 4000–10000 Å range in the BD weigelt blobs of η Carinae. ApJ. 581, 1154–1167 (2002)



128 F. Hamann

99. E. Verner, F. Bruhweiler, T. Gull, The binarity of η Carinae revealed from photoionization
modeling of the spectral variability of the weigelt blobs B and D. ApJ. 624, 973–982 (2005)

100. R. Viotti, L. Rossi, A. Cassatella, A. Altamore, G.B. Baratta, The ultraviolet spectrum of η
Carinae. ApJS. 71, 983–1009 (1989)

101. R. Viotti, C. Rossi, G.B. Baratta, Self-absorption curve analysis of [Fe II] and Fe II emission
lines of η Carinae, in Eta Carinae at the Millennium, ed. by J.A. Morse, R.M. Humphreys,
A. Damineli. ASP Conference Series, vol. 179 (ASP, San Francisco, 1999), pp. 184–191

102. G. Wallerstein, K.K. Gilroy, T. Zethson, S. Johansson, F. Hamann, Line identifications in the
spectrum of η Carinae as observed in 1990–1991 with CCD detectors. PASP. 113, 1210–1214
(2001)

103. G. Weigelt, J. Ebersberger, Eta Carinae resolved by speckle interferometry. A&A. 163, L5–L6
(1986)

104. G. Weigelt, R. Albrecht, C. Barbieri et al., HST FOC Observations of Eta Carinae, in The
Eta Carinae Region: A Laboratory of Stellar Evolution, ed. by V. Niemela, N. Morrell,
A. Feinstein. Revista Mexicana de Astronomia y Astrofisica Serie de Conferencias, Vol. 2
(Instituto de Astronomı́a, Universidad Nacional Autónoma de México, México, D.F., 1995),
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Chapter 6
High-Resolution Studies of Eta Carinae’s Ejecta
and Stellar Wind

Gerd Weigelt and Stefan Kraus

Abstract Hubble Space Telescope observations and interferometric measurements
provide unique insights into the small-scale structure of η Car’s circumstellar
ejecta and its extreme, optically thick, aspherical stellar wind. We discuss speckle
interferometric imaging and HST images of η Car’s ejecta in the inner 1 arcsec. We
also review the first infrared long-baseline spectro-interferometry with high spatial
resolution of 5 mas and high spectral resolution. Infrared interferometry allows
us, for the first time, to study the strong wavelength dependence of η Car’s non-
spherical wind structure within emission lines.

6.1 Introduction

Studies of η Car’s recent mass-loss history, its circumstellar ejecta, and its extreme
stellar wind provide us with unique insights into the late evolutionary stages of
the most massive stars. The ejecta of η Car exhibit spatial structure at all scales
from 0.001′′ to 20′′. At the large end of this range, observations before 1980 with
resolution ∼1′′ showed basic facts about the Homunculus Nebula: major diameter
∼17′′, expansion speeds of 200–700 km s−1, bipolar symmetry, etc. (see Refs. in
[8, 42]). In this chapter, however, we focus on much smaller size scales in the
central region. Sub-arcsec structure near the star was discovered in 1983–1985,
when speckle interferometry and bispectrum speckle interferometry revealed three
bright objects B, C, and D in the northwest quadrant at distances of 0.1–0.2′′ from
the brightest component A [26, 48]. Spectroscopy and imaging in the UV with the
Hubble Space Telescope (HST) later confirmed that A is the central star and showed
that the knots BCD are slow-moving ejecta, not companion stars [11,12,50]. Recent
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observations with ESO’s Very Large Telescope (VLT) resolved the region of the
ejecta BCD with unprecedented angular resolution in the near- and mid-infrared
[1]. Today these objects are still not understood and we discuss them in Sect. 6.2
below (see also [21]).

At size scales smaller than approximately 0.03′′, one begins to resolve the stellar
wind. After 2000, HST spectroscopy showed that η Car’s opaque wind is latitude-
dependent and prolate with its polar axis aligned SE–NW like the Homunculus axis
[41, 43]. Infrared observations with ESO’s Very Large Telescope Interferometer
(VLTI) have resolved this elongated wind structure [45, 51]. The first spectro-
interferometric observations of η Car with the VLTI-AMBER instrument attained
a spatial resolution of 5 msa (∼11.5 AU for a distance of ∼2300 pc) and spectral
resolution R = λ/Δλ ∼1500 and 12000. The object’s characteristic diameter was
found to be 4 mas in the continuum near λ ∼ 2.2 μm and much larger in emission
lines, with a perceptibly non-circular shape [45, 51]. The aspherical wind can be
explained by models for line-driven winds from luminous hot stars rotating near
their critical speed [38, 39]. The models predict a higher wind speed and density
along the polar axis than in the equatorial plane. Our VLTI results and their
theoretical implications will be described in Sect. 6.3 below.

η Car exhibits a 5.5-year spectroscopic cycle, most likely regulated by a hot
companion star in a highly eccentric orbit; see [2–6, 12, 20, 24, 27, 29, 30, 33, 36, 37,
40,46,52] and various chapters in the present volume. Details are still controversial,
but in some models the shape of the opaque stellar wind should change during
a “spectroscopic event” of the type seen in 1997 and 2003 [24, 33, 37, 40, 43].
Furthermore, it is likely that the putative hot companion dives into the dense wind
of the primary across the periastron passage, which can lead to a trapping of the
FUV. Therefore, highly excited wind lines emitted from the speckle ejecta can drop
within days, while recovery takes months. The interferometry mentioned above did
not sample a spectroscopic event, but, fortunately, one is expected to occur near the
beginning of 2009. This will provide a unique opportunity to study how the colliding
stellar winds of the two hot stars and their interface change near periastron passage.

In this chapter we outline what has been learned about η Car’s circumstellar
environment using observations with sub-arcsecond spatial resolution. In Sect. 6.2
we describe the multi-wavelength properties of ejecta in the innermost 0.3 arcsec,
including a discussion of their kinematics and ejection date. In Sect. 6.2.2 we present
evidence which suggests the presence of an obscuring, equatorial disk around
the central object. Finally, in Sect. 6.3 we review how infrared interferometry has
allowed astronomers to zoom-in even closer to the central star and to resolve η Car’s
massive wind regions on scales of a few dozen AU’s.

6.2 η Car’s Ejecta B, C, and D at Separations of 0.1–0.3′′

Figure 6.1 shows the sub-arcsecond environment of η Car for wavelengths ranging
from ultraviolet to infrared. In each image one can see condensations at separations
between 0.1′′ and 0.3′′ from the dominant central object. They were discovered
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in the mid-1980s, when we applied speckle interferometric techniques to η Car
[26, 48]. These are imaging techniques which can overcome image degradation
caused by the turbulent atmosphere and by telescope aberrations, allowing us to
reconstruct diffraction-limited images [25, 31, 47, 49]. In 1985 (Fig. 6.1e) the three
bright objects B, C, and D were located at separations of 0.11′′, 0.18′′, and 0.21′′,
respectively, from A. They appeared point-like in the speckle images, but later
proved to be ejecta with complex emission-line spectra, not stars [11, 12, 50].

Figure 6.1a–c are broad-band images obtained at wavelengths 190, 307, and
550 nm with the HST Faint Object Camera [50]. Figure 6.1f is a narrow-band
3.74 μm VLT NACO image [1]. The two bright blobs to the north-west have
positions which are similar but not identical to the positions of blobs C and D.
This image resolves the speckle blob complex in the thermal infrared for the first
time and suggests that there is a large region empty of dust with a typical radius of
0.1–0.15′′ (∼300 AU; see [1]).

Figure 6.1e is a diffraction-limited image obtained through a filter with a central
wavelength of approximately 850 nm and a bandwidth of 40 nm. Figure 6.1d is one
of our new bispectrum speckle interferometry narrow-band images obtained on 10
January 2008 with the ESO 3.6 m telescope through an Hα filter with a central
wavelength of 657 nm and a filter width of 4 nm. Bispectrum speckle interferometry
observations will allow us to observe η Car with unprecedented angular resolution
in many additional narrow-band interference filters at visible wavelengths, thus
providing information that is complementary to HST spectroscopy and long-
baseline infrared interferometry.

Proper motions show that B, C, and D are moving away from A, as discussed
in Sect. 6.2.1 below. Evidently, they were ejected from the star [12, 50]. Moreover,
since their narrow emission lines are blue-shifted by roughly 30–40 km s−1 relative
to the star, they must be located several 100 AU closer to us than the star and fairly
close to η Car’s equatorial plane [8, 12, 44].

A surprising property of the ejecta BCD is their high brightness relative to star
A. In 1985 B, C, and D were each almost 10% as bright as A at λ ∼ 850 nm [26,48],
and later HST FOC data at visual-to-UV wavelengths showed intensities above 30%
relative to A [50]. Such high values constitute a serious puzzle, as we discuss in
Sect. 6.2.2.

6.2.1 Kinematics of the Ejecta in the Inner 1 arcsec:
Ejection During the Outburst in 1890?

A comparison of the 850 nm speckle image (Fig. 6.1e, epoch 1985.05 [26]) with the
550 nm HST FOC image (Fig. 6.1c, epoch 1992.84 [50]) shows that in 7.8 years, the
separations A–B, A–C, and A–D increased from 0.114′′ to 0.123′′, 0.177′′ to 0.208′′,
and 0.211′′ to 0.241′′, respectively. The two largest separations, A–C and A–D,
changed by approximately 4.0 and 3.9 mas year−1, respectively, corresponding
to proper motion velocities of about 43 km s−1 if η Car’s distance from us is
2,300 pc [50].
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a b

c d

e f

Fig. 6.1 High-resolution images of η Car’s inner sub-arcsecond region at various wavelengths
from the UV to the IR. (a), (b), and (c): Broad-band HST FOC images obtained in 1991 and 1992
near wavelengths 190, 307, and 550 nm [50]; (d): Hα bispectrum speckle interferometry image
with central wavelength 657 nm, bandwidth 4 nm, epoch 2008.03 (the ring-like structure in panels
c and d are diffraction rings); (e) Speckle masking image obtained through a filter with a central
wavelength of 850 nm and a filter bandwidth of approximately 40 nm, epoch 1985.047 [26]; (f)
Deconvolved VLT NACO adaptive optics image obtained through a filter with central wavelength
3.74 μm (narrow-band filter NB 3.74; bandwidth 0.02 μm; epoch 2002.877) [1]
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According to these data, the separation A–D increased by about 14% from
1985.05 to 1992.84, implying an ejection date around 1930. But the uncertainty of
this first age determination was large for four reasons: (1) The temporal baseline was
not very long in relation to the measurement accuracy. (2) The speckle observation
referred to wavelengths near 850 nm but the HST image sampled visual wavelengths
around 550 nm. (3) Radiation and wind pressure from the central star may have
accelerated the ejecta [12, 44]. In that case the simple linear reasoning used above
tends to underestimate the age. (4) If the ejecta contain stratified ionization zones,
the motion of the emission centroid may differ from the motion of the mass.
However, these effects are not likely to cause a total error worse than a factor of 2.
Therefore, we concluded in ref. [50]: The simplest interpretation is that components
C and D were ejected from the star between 1880 and 1930. The important point
is that they originated significantly later than η Car’s great eruption seen in 1837–
1858, which produced the large-scale Homunculus. These conclusions were later
supported by the observed Doppler shifts [12]. An obvious possibility is that BCD
were ejected in the secondary outburst seen around 1890.

Additional proper-motion estimates were reported after 2000. Using HST data
with a temporal baseline of 5.9 years, Dorland et al. [17] derived an ejection date of
1934+16.0

−31.7 for blob D, while the measurement of C was less accurate. Smith et al.
[44] performed new measurements based on HST image data over a longer time
baseline (1992–2003) and derived an ejection date of 1907± 12 years. They also
discussed the influence of acceleration and filter-dependent photocenter shifts on
the determination of the ejection date in detail.

Figure 6.1e shows our most recent observation of η Car obtained with bispectrum
speckle interferometry and the ESO 3.6 m telescope on 10 January 2008. The
observations were carried out through an Hα filter with a central wavelength of
657 nm and a filter width of 4 nm (FWHM). We measured a separation of 257 mas
for D. Over a temporal baseline of 23 years, the separation of A–D increased
from 211 mas in 1985 to 257 mas in 2008, corresponding to a proper motion of
2 mas year−1. The implied ejection date is 1880± 20 years if we assume a constant
velocity and if the position of D does not depend on the filter used. This result
is consistent with the 1890 outburst, but more observations in different filters are
required to improve the accuracy. The expanding size scale will tend to be an
advantage for future measurements; on the other hand, the star’s rapidly increasing
brightness has recently made BCD more difficult to observe at wavelengths shorter
than 700 nm [34].

It is interesting to combine the proper motions with Doppler velocity mea-
surements in order to investigate the 3-dimensional motion and the location of
the speckle ejecta relative to the central star. Using UV emission lines in HST
data, Davidson et al. [12] measured a heliocentric velocity of about −47 km s−1

in BCD. Measured velocities must be corrected for the central star’s Doppler
velocity, assumed to be −8 km s−1 heliocentric. Smith et al. [44] later found similar
velocities for the same type of high-excitation lines, but smaller values of about
−40 km s−1 for low-excitation lines, which may be better velocity tracers for these
ejecta. Combining the proper motions and Doppler velocities, both sets of authors
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concluded that objects C and D, at least, are located within about ±10◦ of η Car’s
equatorial plane. This idea seems very reasonable, since equatorial ejecta from both
the 1840 and the 1890 events are known to exist at larger distances from the star
[15]. The equatorial midplane of the Homunculus nebula is inclined at about 42◦
from the plane of the sky [15, 41].

6.2.2 HST Observations in the Visible and UV and Speckle
Polarimetry: Detection of an Obscuring Edge-on,
Equatorial UV Disk?

As noted above, the brightness ratios B/A, C/A, and D/A were each of the order of
0.1 in the original 1985 speckle data. Such large values were not easy to explain,
since the emission from BCD is presumably excited by the central star A, but each
condensation cannot intercept more than 1% of the star’s energy flow (a similar
argument applies to the fraction of the star’s light that is reflected by dust grains
in BCD). Indeed, the brightness ratios initially seemed to be hints that BCD were
stars rather than ejecta [7]. This paradox was then magnified by the observations
described next.

In 1991–1992 we obtained broad-band observations of BCD with the HST’s
pre-COSTAR Faint Object Camera (FOC); see Fig. 6.1a–c [50]. We found that the
intensity ratios B/A, C/A, and D/A were each close to 0.3 at λ ∼550 nm, 0.6 at
307 nm, and 0.7 at 190 nm. Meanwhile, the first spatially resolved spectroscopy
confirmed that BCD were collectively comparable to A in the same wavelength
range [11]. For the reason noted above, these results were very surprising. The
most plausible explanation was that the line of sight to the star includes some extra
circumstellar extinction which does not apply to BCD [11,50]. Given the small 0.1′′
projected separation between A and B, this effect most likely occurs within 1000 AU
of the star – but not within 150 AU, where the intense radiation field would destroy
normal dust grains.

Our 1991–1992 FOC images showed a possible locale for the extra extinction.
The image of the central object A was more extended than the core of the
corresponding FOC point-spread function. In the 190 nm image, the resolved
structure was elongated with a size of about 0.05′′ × 0.1′′ (see [50] for more details).
Since this is too large to be the stellar wind per se, as we discuss in Sect. 6.3 below,
instead it must be some sort of circumstellar structure. The position angle of the
elongation was approximately 50◦, roughly perpendicular to the Homunculus axis.
It may be part of a disk-like or toroidal object which partially obscures the star but
not BCD. This suggestion is also consistent with later speckle imaging polarimetry
observations [18], with HST ACS/HRC observations of a somewhat larger disk-like
UV structure [44], and with a related morphology traced by high-excitation [Ne III]
emission in HST STIS data [35]. Altogether these structures may represent the outer
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parts of η Car’s nonspherical stellar wind, or they may indicate a small torus related
to the Little Homunculus [28], which was probably ejected in the 1890 outburst.

An unexpected development in recent years also affects this problem. From 1997
to 2007, the central star’s apparent visual and UV brightness increased by a factor
of 3, without a proportionate effect in BCD [14, 32, 34]. This probably indicates a
substantial decrease in the special extra extinction discussed above; in other words,
the hypothetical disk has very likely become less dense. In any case, the visual and
UV brightness ratios B/A, C/A, and D/A are now considerably smaller than they
were in the early 1990s.

It is possible to imagine a very different possible interpretation of BCD. In
principle, they might be illusions caused by local minima in the circumstellar
extinction, i.e., line-of-sight holes in a complex distribution of dust. This idea is
motivated by the fact that images at wavelengths longer than 3 μm are not very
well correlated with shorter-wavelength features (e.g., see Fig. 6.1f [1]). Thus, at
wavelengths shorter than 2 μm, it is not necessarily easy to discriminate between real
mass concentrations and extinction minima. For the latter, apparent proper motions
do not sample the same material as the Doppler velocities. A model of this type for
BCD seems unlikely to us because the standard interpretation has a good degree of
consistency, but settling the question will require improved spatial resolution.

6.3 Studying the Stellar Wind Region of η Car:
VLTI-AMBER Infrared Interferometry with High
Spatial Resolution and Spectral Resolutions
of 1,500 and 12,000

Infrared long-baseline interferometry offers fascinating new opportunities to study
the inner environment around η Car with a spatial resolution of a few AU. On
this spatial scale, one resolves the dense stellar wind regions around the star A.
In this section we discuss new insights recently obtained with observations using
the AMBER instrument at ESO’s Very Large Telescope Interferometer (VLTI).

6.3.1 VLTI-AMBER Infrared Long-Baseline Interferometry

AMBER allows the measurement of visibilities, closure phases, and wavelength-
differential phases, providing information about the wavelength-dependent radial
intensity profile and spatial position of the emitting structures. Our VLTI-AMBER
observations of η Car [51] were carried out on 2004 December 26 (phase φ = 0.27
in the object’s 5.5-year cycle), 2005 February 25, and 2005 February 26 (φ = 0.30)
with the three 8.2 m VLT Unit Telescopes UT2, UT3, and UT4 [51]. Figure 6.2
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Fig. 6.2 Spectrally dispersed VLTI-AMBER Michelson interferograms of η Car [51]. The two
panels show the spectrally dispersed interference fringes (IF) as well as the photometric calibration
signals from the three telescopes (P1–P3) in high (HR mode; R = λ/Δλ = 12,000; left panel)
and medium spectral resolution (MR mode; R = λ/Δλ = 1,500; right panel). In both panels, the
bright regions correspond to the Brγ emission line, which is a very broad line due to the high
velocities of the stellar wind. The narrow component of the Brγ line, which is caused by the inner
ejecta discussed in Sect. 6.2.1, is not visible since the FOV of AMBER is only 80 mas if the 8 m
telescopes are used

shows two raw AMBER interferograms taken in the wavelength range around the
Brγ 2.166 μm hydrogen recombination line with spectral resolutions of 1,500 (right,
MR mode) and 12,000 (left, HR mode). In the MR data sets, the Doppler-broadened
Brγ line covers ∼8 spectral channels, whereas in HR mode, the line is resolved
by ∼50 spectral channels, allowing us to measure η Car’s stellar wind structure in
many different channels simultaneously. High spectral resolution is useful because
the resolved structures change dramatically with wavelength within the lines. Using
projected baseline lengths up to 89 m, an angular resolution of 5 mas (∼11 AU) was
obtained in the K band.

Figure 6.3 shows our measured spectra, visibilities, wavelength-differential
phases, and closure phases extracted from the VLTI-AMBER interferograms. These
observations were performed in the wavelength range around the He I 2.059 μm
and the Brγ 2.166 μm emission lines. Small visibilities within the emission lines
indicate that the object is more extended at those wavelengths. Differential phases
allow the measurement of spatial offsets of the line-emitting region with respect
to the continuum emission, while closure phases indicate the degree of asymmetry.
Using these measurements and comparing them to two different types of models,
we can study η Car’s stellar wind as discussed in the following subsections (see
[51] for more details).
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Fig. 6.3 VLTI-AMBER observations of η Car with medium spectral resolution R = 1,500 around
both the Brγ (left) and He I line (right): spectra and visibilities for the three baselines described
in the figures (top), wavelength-differential phases (middle), and closure phase (bottom) [51]. The
vertical line marks the rest-wavelength of Brγ (λvac = 2.1661 μm) and He I (λvac = 2.0586 μm)

6.3.2 Comparison of VLTI-AMBER Stellar Wind Observations
with the Predictions of Line Radiative Transfer Models

Physical models of density and temperature in η Car’s stellar wind became feasible
when HST spectra were obtained in 1991–2000 [10, 11, 13, 16, 19, 43] (previous
spectroscopy was heavily contaminated by the ejecta shown in Fig. 6.1). The first
NLTE model with a self-consistent treatment of continuum and emission-line
radiative transfer was developed by Hillier et al. [22, 24] in order to explain HST
STIS data obtained in 1998. This model assumes a spherical wind geometry; i.e.,
the aspherical wind structure and any contribution from a binary companion are
not taken into account. Furthermore, the model is not equally suited for all orbital
phases, because the 1998 data (used for modeling) were obtained soon after a
spectroscopic event.
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Fig. 6.4 Comparison of the AMBER η Car spectra and visibilities with the predictions of the
Hillier et al. line radiative transfer model of η Car’s stellar wind [22]: spectra (upper row)
and visibilities (bottom three rows) of the AMBER measurements (red/black line) and model
predictions [22] (green/grey lines) are shown. The data from 2004 (middle and right) was taken
with medium spectral resolution (R= 1,500), whereas the 2005 Brγ measurement (left) was
obtained with high spectral resolution (R= 12,000). The differences in the He I line (right column)
can possibly be explained by the emission from a wind–wind collision zone (e.g., [24, 37, 51])

In Fig. 6.4 we compare the predictions of this model with the spatial information
provided by our AMBER measurements. The top row displays AMBER and model
spectra, while all other panels show AMBER and model visibilities for the different
projected baseline lengths. As the figure shows, the NLTE model [22] approximately
reproduces the AMBER continuum observations and the wavelength dependence
of the visibilities inside the Brγ line. On the other hand, the visibility across the
He I line shows an obvious discrepancy between the observations and the model;
evidently the latter does not accurately describe the He I line-forming region.
HST/STIS observations show that He I line profiles are strongly variable throughout
most of the 5.54-year spectroscopic cycle (e.g., [10,37]). It has been proposed that a
large fraction of the He I emission probably originates in the outer wind, especially
the wind–wind interaction zone of the binary system, excited mainly by ionizing
UV from the putative hot companion star [9, 10, 23, 24, 37]. The resulting complex,
asymmetrical geometry [40] obviously cannot be represented in a spherical model.
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Fig. 6.5 Left: comparison of η Car’s AMBER visibilities [51] (squares; baseline range 28–89 m),
plotted as a function of spatial frequency, with the model predictions of [22] (lines) for three
selected wavelengths: continuum (upper panel), the central wavelength of the Brγ (middle), and
He I emission lines (bottom). The triangles (top, left) are the VLTI-VINCI K-band measurements
from [45]. Right: center-to-limb variation of the [22] models for the wavelengths indicated by the
labels

6.3.3 Size of η Car’s Stellar Wind Zone in the Continuum,
He I, and Brγ Emission Line

Figure 6.5 compares the AMBER visibilities and Hillier et al. [22] model visibilities
as functions of spatial frequency or baseline length (instead of visibility versus
wavelength, as shown in Fig. 6.4). Three wavelengths are shown: a continuum wave-
length and the centers of the Brγ and the He I emission lines. The corresponding
model center-to-limb intensity variations (CLVs) are also shown for illustration.
We find good agreement between the visibilities as functions of spatial frequency
measured with AMBER and those predicted by the model.

Fitting the model center-to-limb intensity profiles to the AMBER observations,
we obtain a 50% encircled-energy diameter of 4.3 mas (∼10 AU) for the continuum
at λ ∼ 2.17 μm. We also find an elongation toward position angle 120± 15◦
with a projected axis ratio of 1.18± 0.1, in agreement with previous broadband
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VLTI-VINCI observations [45]. These results support theoretical predictions of
enhanced mass loss in the polar directions [38,39,43]. Fits of the model visibilities to
observed emission line visibilities yield 50% encircled-energy diameters of 6.5 mas
(∼15 AU) and 9.6 mas (∼22 AU) in the He I and the Brγ emission lines, respectively.

A notorious difficulty for modeling stellar winds is the need to allow for
inhomogeneous densities – the “clumping factor” or volume filling factor, which
affects the deduced mass loss rate. The overall scale size, if it can be observed, helps
to indicate this parameter. Based on the results outlined above, the filling factor in
η Car’s wind cannot be very small.

6.3.4 Direct Evidence for an Asymmetric Primary Wind

For both the Brγ and the He I emission lines, we measured non-zero differential
phases (DPs) and non-zero closure phases (CPs) within the Brγ and He I emission
lines, indicating a complex, asymmetric wind structure. To explain all the AMBER
observables, we need a model that can simultaneously reproduce the structure of all
wavelength-dependent visibilities, wavelength-differential phases, and all closure
phases. Therefore we developed a physically motivated model illustrated in Fig. 6.6,
which can explain all interferometric observations with a wind geometry expected
for an aspherical, latitude-dependent stellar wind (see [51] for more details).

To summarize, VLTI infrared interferometry allows the study of η Car’s stellar
wind with unprecedented angular resolution. Comparisons of our AMBER Brγ and
continuum visibilities with the radiative transfer model from Hillier et al. [22] show
that a spherical radiative transfer wind model approximately agrees with most of the
data even though we know that the true configuration is not spherical. Discrepancies
concerning the He I line can probably be explained by supposing that this emission
originates near a binary wind–wind collision interface.

From fits of model visibility profiles [22] to the AMBER visibilities, we derived
50% encircled-energy diameters of 4.2, 6.5, and 9.6 mas (∼10, 15, and 22 AU) for
the 2.17 μm continuum, He I, and the Brγ emission regions, respectively.

In the continuum around the Brγ line, we found an asymmetry towards position
angle PA∼ 120◦ with a projected axis ratio of about 1.2. This result supports
theoretical studies which predict enhanced polar winds for rotating massive stars
(e.g., [38, 39]).

The measured non-zero differential phases and closure phases within the Brγ
and the He I emission lines suggest an asymmetric, wavelength-dependent object
structure. We developed an aspherical, latitude-dependent stellar wind model that
can explain most of the available interferometric observations such as the spectrum,
wavelength dependence of the visibility within the Brγ emission line (but not within
the He I line), the wavelength-differential interferometric phases, and the closure
phases.
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Fig. 6.6 (a) Illustration of the components of our geometric model for an aspherical, latitude-
dependent wind (top; see [51] for more details). For the weak aspherical wind component, we
draw the lines of latitudes to illustrate the 3D-orientation of the ellipsoid. The key point is that the
inclination angle between the polar axis of η Car’s stellar wind and our viewing direction is i∼42◦;
therefore, we are looking at the south pole of the fast, optically thick wind region. This south pole
region mainly emits blue-shifted light, in contrast to the equatorial and northern region. (b, c):
Brightness distribution of the modeled aspherical wind component for two wavelengths in the blue-
and red-shifted wing of the Brγ emission line. The photocenter shift of, for example, the image
in the blue-shifted wings of the Brγ emission line leads to the observed wavelength-differential
phases. Image asymmetries cause non-zero closure phases. (d, e): Total brightness distribution
after adding the contributions from the two spherical constituents of our model (From [51])
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Chapter 7
All Things Homunculus

Nathan Smith

Abstract The “Homunculus” nebula around Eta Carinae is one of our most
valuable tools for understanding the extreme nature of episodic pre-supernova mass
loss in the most massive stars, perhaps even more valuable than the historical light
curve of η Car. As a young nebula that is still in free expansion, it bears the imprint
of its ejection physics, making it a prototype for understanding the bipolar mass loss
that is so common in astrophysics. The high mass and kinetic energy of the nebula
provide a sobering example of the extreme nature of stellar eruptions in massive
stars near the Eddington limit. The historical ejection event was observed, and
current parameters are easily measured due to its impressive flux at all wavelengths,
so the Homunculus is also a unique laboratory for studying rapid dust formation
and molecular chemistry, unusual ISM abundances, and spectroscopy of dense gas.
Since it is relatively nearby and bright and is expanding rapidly, its 3-D geometry,
kinematics, and detailed structure can be measured accurately, providing unusually
good quantitative contraints on the physics that created these structures. In this
chapter I review the considerable recent history of observational and theoretical
study of the Homunculus nebula, and I provide an up-to-date summary of our
current understanding, as well as areas that need work.

7.1 Early Observations and Proper Motions

Eta Carinae was first recognized as a spatially extended object in 1900–1930
by Innes, van den Bos, and Voûte, who noted visual companion objects less
than 2′′ from the star (see [42, 96, 112, 137]). Around 1950 the structure was
recognized as nebular by Thackeray and by Gaviola [42, 137]. Gaviola named it
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Fig. 7.1 Two visual images of the Homunculus, printed with the same spatial scale. Left: Gaviola’s
blue photograph, from an original photographic plate that was digitally scanned by the author
[42, 112]. Right: A red-wavelength image obtained 50 year later with the HST [81]

“the Homunculus” because on photographic plates it resembled a small plump
man (Fig. 7.1). The earliest visible features were mostly in the equatorial parts
of the bipolar configuration. The polar lobes had a diameter of 5–10′′ in 1900–
1940, but the relatively low surface brightness of their outer extremities made them
inconspicuous in the glare of the 3′′ central region (see [21, 42]). During the 1940s
the lobes may have brightened more than the central core region did [28, 138].
This brightening is probably an important clue to η Car’s recovery from the 1843
eruption, but it is difficult to infer physical information from the scant historical
record.

Early measurements of the Homunculus’ expansion showed that it was ejected
in the mid-to-late nineteenth century [42, 43, 96]. The obvious implication, that
it was created in the Great Eruption, was later verified by measurements using
data from HST and with higher spatial resolution or longer temporal baselines
[17, 82, 112]. Thus we know reliably that the bulk of the Homunculus nebula was
ejected in a relatively short time interval during the 1840s. (Smith and Frew [111]
discuss the historical light curve with newly uncovered data from critical times in
the 1840s.) It therefore contains some of our most valuable information about the
Eruption. This doesn’t necessarily mean, however, that all the ejecta came from that
event. A number of features appear to have been ejected later, perhaps in the 1890
secondary eruption. These are discussed later.

7.2 The Brightest Object in the Mid-infrared Sky

One of the most important developments in understanding η Car was the recognition
that it is extremely luminous at infrared (IR) wavelengths. In 1968–1969 Neuge-
bauer and Westphal discovered a strong near-IR excess at 1–3 μm, and then, more
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important, extremely luminous mid-IR radiation at 5–20 μm [83, 150]. This led
to our present understanding of the energy budget as that of a very luminous star
enshrouded by circumstellar dust, which reprocesses the UV/visual luminosity into
thermal IR radiation [19, 66, 91, 92, 99].

In subsequent decades, the Homunculus was a favorite target for mid-IR
astronomers because it was bright and spatially extended. Early measurements of the
spectral energy distribution (SED) established a range of dust temperatures, 200–
400 K, a large gas mass of at least a few M�, strong and broad silicate emission at
9.7 μm, unusually large grains with radii of roughly 1 μm, and a lack of strong fine-
structure emission lines [1, 5, 6, 44, 65, 76, 97, 135]. The reasoning for large grains
was based mainly on dust temperatures near the blackbody values for the projected
radii of extended features in mid-IR maps, and on the broad silicate feature [77,98],
but this also agreed with the unusually low reddening/extinction ratio at shorter
wavelengths (e.g., [99]). The dusty Homunculus acts as a calorimeter, providing us
with an estimate of the star’s total luminosity L ≈ 5× 106 L�. This is more robust
than for most other massive stars, because it does not require a model-dependent
spectral extrapolation to UV wavelengths.

The Homunculus showed complex spatial structure in even the earliest IR drift
scans and raster maps that used single-element detectors with 1–2′′ spatial resolu-
tion. Several authors noted an elongated, double-peaked, or torus-like structure in
the warm inner core, plus a more extended cooler halo [3, 8, 12, 60, 78, 101].

In the mid-1980s Hackwell, Gehrz, and Grasdalen made a mid-IR raster map of
the Homunculus, which first clearly delineated the limb-brightened structure of the
two hollow polar lobes (described as “osculating spheres”), the outer boundary of
the mid-IR emitting structure, and the complex multi-temperature and multi-peaked
structure of the core region [52].

The advantage of mid-IR imaging of the lobes, compared to reflected light
in visual-wavelength images, is that the thermal dust radiation in the mid-IR is
optically thin, so we can see that the lobes are hollow and that condensations
exist in the obscured core region. Subsequent imaging with array detectors on 4m-
class telescopes improved upon the spatial resolution (especially in the core), the
sensitivity, and the wavelength coverage, but confirmed the same basic structure
[56, 80, 93, 94, 112, 118, 120].1 So far, the only high-quality mid-IR polarimetric
imaging was presented by Aitken et al. ([2]; see also [11]), which revealed
suggestive evidence of grain alignment from a possible swept-up ambient magnetic
field, or a strong original field in the star’s atmosphere before the eruption. Our mid-
IR view of the Homunculus improved greatly with the advent of 8m-class telescopes
[13, 122, 123], because at long wavelengths like 10–20 μm, the better diffraction
limit of larger telescopes is critical. These modern IR observations will be discussed
along with our modern view of the structure of the nebula below.

1Note, however, that some of the morphological interpretations in these studies were contradicted
by later observations.
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7.3 Mass and Kinetic Energy of the Homunculus

As noted earlier, the Homunculus is potentially our most valuable probe of the
nineteenth century eruption and this class of stellar outbursts, because with the
knowledge from proper motion studies that it was indeed ejected in that event,
the Homunculus provides us with two essential quantities: the ejected mass and
its kinetic energy.

The usual way of measuring this mass is to estimate the dust mass that is
needed to produce the IR emission, and to then multiply by a reasonable gas/dust
mass ratio. With conventional silicate grain emissivities and gas/dust= 100, the
observed 2–12 μm SED yields a Homunculus mass of 2–3 M�, representing the
∼200 K material in the polar lobes [15,120]. This is consistent with the circumstellar
extinction [20]. However, dense clumps which are opaque at visual wavelengths
[34, 81] may contain additional mass that is under-represented in either type of
estimate. For this reason, it can be problematic to measure both the stellar luminosity
and the ejecta mass from the same IR luminosity, because at least one of those
parameters could be underestimated [20].

Indeed, the mass estimate of 2–3 M� that was adopted for many years is now
known to be too small. More recent estimates from dust emission place the ejecta
mass (assuming the same gas/dust mass ratio of 100) at much higher values of 12.5,
15, or even 20 M� [80, 110, 123]. This upward revision followed chiefly from high-
quality measurements at far-IR wavelengths, which revealed a large mass of dust
much cooler than 200 K [80, 123] (Fig. 7.2).

An important distinction must be noted regarding the location of this cool
material. Morris et al. [80] fit the far-IR spectrum with dust at 110 K, and proposed

a b

Fig. 7.2 (a) An 18 μm image of the Homunculus taken with the 6.5-m Magellan telescope [123].
(b) the mid-IR SED of η Car with the 140 K, 200 K, and warmer component fits used to derive the
mass in the polar lobes [123]
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that it resides in a pre-existing massive disk or torus that pinched the waist of the
Homunculus when it was formed in the Great Eruption. But Davidson and Smith
[22] noted that any thermal source at 110 K must cover a much larger projected
area in order to produce the observed IR flux, and that the torus-like structure was
already known to be much warmer than 110 K. After discovering a thin outer shell
of 140 K dust in high-resolution mid-IR images at 18–25 μm, Smith et al. [123]
performed an independent analysis of the same far-IR data and found that it could
be fit equally well with 140 K dust. They suggested instead that the large mass of
more than 10 M� exists in the polar lobes of the Homunculus, and that there is very
little mass near the equator. This view had two critical implications: (1) the 1840s
eruption ejected a large mass in an intrinsically bipolar flow, i.e., it was not shaped
by pre-existing equatorial material; and (2) the >10 M� of material is moving very
fast, with a kinetic energy of 1049.6–1050 erg [123].

If the mass and kinetic energy values noted above are incorrect, they are probably
underestimates because the dominant sources of error tend toward higher mass.
The assumed gas/dust mass ratio of 100 is probably too low given that the ejecta
are known to be C and O poor [23, 110]. Potential optical depth effects, such as
shielded cold grains in dense clumps, can hide additional mass. Recent observations
at sub-mm wavelengths that are sensitive to the coldest material indicate 0.3–
0.7 M� of dust [45], implying 30–70 M� of gas if gas/dust= 100 (although some
of this emission may come from a more extended region). Independent of IR dust
measurements, Smith and Ferland [110] estimated a large gas mass of 15–35 M�
for nebular models that allow H2 molecules to survive near such a luminous star
(though values near the lower end of the range are favored). So far this is the only
estimate of the ejecta mass that does not rely on an assumed gas/dust ratio.

If η Car ejected as much as 20–30 M� in a single event that lasted just a few
years, this begins to strain the star’s available mass reservoir if the upper mass limit
to stars really is around 150 M�, especially if other events like the Great Eruption
have happened once or twice in the past few thousand years. Such extreme values of
the mass and kinetic energy underscore the profound influence of such high mass-
loss events in the evolution of massive stars [58,116], not to mention their potential
role as precursors to the most luminous supernova explosions [129, 152]. The fact
that they still have no theoretical explanation makes this one of the most pressing
mysteries in astrophysics.

7.4 The Bi-polar Lobes

Since the Homunculus is the major product of the 1843 eruption, its shape, structure,
mass, and energy are vital clues for the outburst mechanism and the origin of the
bipolar shape that is so pervasive in astrophysics. This object has consistently been a
favorite target of imaging and spectroscopic studies with ever-increasing resolution.
But it has not yielded its secrets easily, and there has been a great deal of controversy
over its true structure. Recent observations have helped.
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7.4.1 Imaging Studies of the Homunculus
as a Reflection Nebula

Although early drawings and photographs showed the polar lobes of the Homunculus
[42, 43, 137], the familiar structure we recognize today was not clearly apparent.
Some authors specifically described it as “bipolar” based on velocities and polar-
ization [73, 148]. The first images to show detailed features of the polar lobes and
especially the thin equatorial skirt were ground-based images shown by Duschl et al.
[31]. Later Hubble Space Telescope images obtained with a carefully-chosen set of
filters and dithered WFPC2 exposures provided a spectacularly sharp view of the
Homunculus [81], and became among the most familiar and oft-reproduced images
made with HST.2

The bipolar lobes appear remarkably symmetric in these images, although Morse
et al. [81] remarked that a slight axial asymmetry can be perceived by simply
rotating one of the familiar HST images by 180◦. Multiple epochs of images with
WFPC2 and HST’s ACS instrument have enabled detailed investigations of the
proper motions and light variations in the nebula [17, 34, 70, 82, 121, 125, 126].

Some of the most notable results from these imaging data are: (1) intricate,
mottled structure on the surfaces of the polar lobes [81], resembling convective solar
granulation or vegetable-inspired comparisons, (2) the ragged, streaked appearance
of material in the equatorial skirt [20, 31, 81, 125], some of which seem to
connect to more distant nebular features, and (3) the blue glow or Purple Haze
[81, 126, 153], a near-UV fluorescent nebulosity in the core of the Homunculus,
perhaps associated with the Little Homunculus or equatorial ejecta [106]. HST
also revealed remarkable features inside and outside the lobes, reviewed in other
chapters.

Although the Homunculus has structures similar to those seen in planetary
nebulae, it is not a hot photoionized emission-line nebula. Instead it contains cool
low-ionization gas, molecules, and dust grains. Its visual spectrum is a complex
mixture of reflected starlight and intrinsic emission from low-ionization species
such as [Fe II]; the former dominates visual-wavelength radiation at most locations
[18, 54, 73, 124, 153]. The scattered light is linearly polarized, with a level of 20–
40% at visual wavelengths [102,103,139,140,142,148] and 15–30% in the near-IR
[147]. Even the strong Hα emission is mainly Hα from the stellar wind, reflected
by grains [74, 124]. The surface brightness distribution is consistent with scattered
starlight with moderately large optical depths [21]. The Homunculus has even been
detected as a Thomson-scattering nebula at hard X-ray wavelengths when the central
source fades[14].

2[Ed. comment:] Ironically, the lobes are now easily recognizable as such when viewed through an
ordinary telescope. Eta Car’s visual appearance has changed dramatically in the past 20 years. See
the introductory Chap. 1 in this volume.
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Light scattered by the Homunculus affords us a unique opportunity to view
the star from a range of directions. The UV/visual spectrum in the middle of the
approaching SE polar lobe gives a nearly pure (albeit spectrally blurred) reflected
spectrum of the star [24, 153]. Smith et al. [124] exploited this fact to derive a
3-D view of the latitude dependence in the stellar wind once the 3-D shape and
orientation of the nebula had been determined [18, 104]. Other than the Sun, this
is perhaps the only opportunity in astrophysics where the spectrum of a star has
been viewed from a range of known latitudes. Likely effects of rapid rotation and a
companion star make this of significant interest.

7.4.2 Shape and Orientation of the Polar Lobes

Structures seen in images are only part of the picture. Kinematic information is
needed to understand the true 3-D structure. Pioneering studies by Thackeray,
Meaburn, and others combined proper motions with Doppler velocities to establish
that the southeast lobe is tilted toward us and expanding away from the star with
maximum speeds of roughly 650 km s−1, and that the distance to η Car based on
expansion is 2.0–2.5 kpc [4, 54, 73, 74, 140]. Hillier and Allen [4, 54] used long-
slit spectra to probe the shape and expansion properties. They noted the distinction
between narrow lines like [Ni II] and [Fe II] formed in the expanding nebula, as
opposed to dust-scattered components of broad stellar-wind lines or narrow features
arising near the star (see also [73,74]). Together these studies reduced the kinematic
ambiguities, and confirmed that the Homunculus is basically a Hubble-like flow
with a definite age. Today, with higher spatial resolution studies using HST/STIS
spectra and high-resolution near-IR spectra, we have more accurate estimates of the
inclination i = 42◦ ([18,107]; the tilt angle of the polar axis from our line of sight),
the distance of 2.3 kpc [18, 72, 104, 107], and the lobe shapes [107].

For several years, the shape of the polar lobes was discussed in the context
of three alternative models called the “double bubble” (two hollow osculating
spheroids), “bipolar caps,” and a “double flask” [53]. Each found some justification
in various aspects of the imperfect observational data. The hollow double-bubble
model matched optical and mid-IR images that showed round, limb-brightened
lobes [52, 74]. The double cap model emphasized that the polar regions appear
optically thick while the side walls are more transparent [4]. The flask model had
some advantages concerning polarization and kinematic properties [18]. In the end,
better data made the distinctions between them largely irrelevant.

The Space Telescope Imaging Spectrograph (HST/STIS), with long-slit spec-
troscopy at high spatial resolution, provided the opportunity to improve upon the
ground-based results. Davidson et al. [18] analyzed some of the same emission and
reflection features as Hillier and Allen [54], obtaining a much better estimate of
the shape and orientation of the nebula. A curious discrepancy appeared, however:
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Fig. 7.3 Long-slit IR spectra of the Homunculus [107], showing the shape and detailed double-
shell structure in H2 (red; thin outer shell) and [Fe II] 1.644 μm (blue, thicker inner shell). [Fe II]
emission from the Little Homunculus can also be seen [106]

polar lobe shapes derived from [Ni II] emission lines in STIS data were too narrow
and short compared to those seen in images. This discrepancy was solved when the
first long-slit near-IR spectra were taken into account [104], showing that images
in scattered light corresponded to a thin outer shell seen in H2 emission, while the
[Ni II] emission represented a layer interior to that. This double-shell structure is
discussed below.

Currently the best estimate of the 3-D shape, structure, and orientation of the
polar lobes is provided by near-IR, long-slit echelle (R = 60,000) spectra of H2

emission [107]. The H2 traces the dense outer dust shell (see Fig. 7.3) where most
of the mass resides, and which is seen as the reflection nebula in images. The
shape and expansion speed are now known with a precision of roughly 2–3% at all
latitudes in the polar lobes. The limiting factor in this study is not the observational
precision, but intrinsic variations and modulations in the lobes themselves, as well
as the assumption that the nebula is axisymmetric. In other words, the present model
for the shape [107] is as definitive as the configuration will allow. Ground-based IR
spectra were even better suited to the task than STIS for three reasons: (1) their
spatial resolution is almost as good as STIS, but the velocity resolution of the long-
slit echelle spectra is much higher; (2) they trace unique IR molecular hydrogen
emission from the outer shell instead of atomic gas in the inner shell (Fig. 7.3), and
(3) at near-IR wavelengths one can see all the way through to the far walls of the
polar lobes, mitigating optical-depth effects. Thus we now know the 3-D shape of
the nebula to high enough precision to constrain physical models for its formation.
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7.4.3 Density and Ionization Structure of the Polar Lobes

In addition to the overall shape, recent observations from large ground-based
telescopes and HST have significantly advanced our understanding of the detailed
density and ionization structure of the Homunculus. Until recently, the walls of the
polar lobes were generally assumed to have a thickness of ∼10% of their radius
[52, 120], and aside from the clumpy structure in HST images, not much more was
known about their detailed structure.

Now we know that the walls actually have a well-defined double-shell structure
(Fig. 7.3; [107]), where most of the mass is in a denser and geometrically thin
outer molecular shell (traced most clearly by near-IR H2 emission), and about
10% of the mass is in a geometrically thicker but optically thinner inner shell of
partially-ionized atomic gas (traced by near-IR and optical lines of [Fe II] and
[Ni II]). This double-shell structure was first proposed based on H2 and [Fe II]
structures seen in the first available long-slit near-IR spectra of the Homunculus
[104], although subsequent spectra of the same lines with higher resolution provided
a more definitive picture [107].

The double-shell structure is verified by 8−25 μm imaging on large ground based
telescopes with sub-arcsecond resolution [123], revealing a thin outer shell of cool
dust at 140 K, and a thicker inner shell of warmer dust at 200 K in the polar lobes
(Fig. 7.2). The thicker and warmer inner shell dominated previous mid-IR imaging
at shorter wavelengths near 10 μm; Smith et al. [120] noted that the warm dust
emitting at 10–12 μm was ∼10% less extended than the scattered light seen at visual
wavelengths, but did not articulate the nature of the double-shell structure. Fits to
the IR SED imply that the outer 140 K shell contains about 11 M� of material, while
the inner 200 K shell has only 1.5 M� [123].3

The effects of this double-shell structure are also clearly seen in UV echelle
spectra obtained with STIS, tracing absorption along our line of sight to the central
star. These spectra show narrow absorption lines from Fe I and diatomic molecules
in the thin outer shell at −530 km s−1, and a more clumpy and broader distribution
of absorption lines from singly-ionized metals at slower blueshifted speeds [50, 51,
84,141]. For the thin outer shell, these same studies suggest that the gas temperature
is ∼760 K, significantly warmer than the 140 K dust in the same location [123].

The double-shell structure is explained quantitatively in model calculations of
the nebula’s ionization structure [110]. The inner shell is a warm (neutral-H)
photodissociation region where metals like Fe and Ni are singly ionized by strong
Balmer continuum radiation, while the outer thin and cool molecular shell exists
where a thin layer of H2 has absorbed much of the radiation in the Lyman-Werner
bands. The required neutral H densities are roughly 105.5 cm−3 in the inner shell
(or more if the material is clumpy), and (0.5–1)×107 cm−3 in the outer shell in

3Pantin and Le Mignant [93] proposed an “onion-like” structure for the polar lobes, with a smaller
bubble inside a larger one. This structure was not verified in mid-IR images with higher resolution,
and their proposed structure was not the double-shell structure described here.
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order to allow H2 to survive and for Fe+ to recombine to Fe0 [110]. UV absorption
features also suggest densities of 107 cm−3 in the thin outer molecular shell along
our line of sight [50]. With densities this high, the observed volume of the cool shell
would indicate high masses for the Homunculus of ∼20 M� [107, 110].

What gives rise to this double-shell structure? On the one hand, the presence
of near-IR H2 and [Fe II] emission features remind one of warm shocked gas
[109], in two zones behind the forward and reverse shocks, respectively. This would
be somewhat misleading, however: comparing radiative energy heating to shock
heating indicates that radiative heating dominates the energy balance by a factor of
250 or more [110]. Thus, the near-IR lines in the Homunculus do not trace current
shock excitation as in a supernova remnant, for example, but instead trace different
zones of ionization in a dense photodissociation region [110]. In near-IR lines of H2

and [Fe II], this double-shell structure of the Homunculus is qualitatively identical
to that seen in the planetary nebula M 2–9 [57,127], where UV excitation is implied
by the H2 line ratios. If the density structure was imprinted by a shock, that shock
interaction must have happened long ago [107]. Further work on this is needed.

Another unsolved issue is the origin of the clumpy, mottled structure apparent
on the surfaces of the polar lobes. The true nature of the dark lanes vs. bright
clumps, and of the obvious “hole” at the polar axis in the SE lobe have been
topics of debate because different wavelengths or different techniques (imaging,
spectroscopy, polarimetry) yield conflicting answers [81,103,107,120,123]. Recent
spectra of H2 have shown that the “hole” really is an absence of material [107],
and IFU spectra of [Fe II] emission confirm its presence in the inner shell of the
SE lobe as well as the receding NW polar lobe [136]. The nature of the cells and
dark lanes remains an open question, however, and the answer potentially holds
important clues to whether they originated in Rayleigh-Taylor instabilities, thermal
instabilities, convective cells, or porosity [20, 90, 107, 120].

7.4.4 What Caused the Bipolar Shape?

Most theoretical work on the Homunculus has attempted to answer this question.
The answer, which is not yet clear, is likely to be intimately connected to the cause
of the Great Eruption, the star’s behavior before and after, and the potential roles of
rotation and/or binarity in the system.

In some early models, the bipolar form of the Homunculus was said to arise
from the interaction of winds of differing speed and density, shaping the outflow
after ejection [32, 39, 67]. These borrowed from models for the ring and bipolar
nebula of SN 1987A and planetary nebulae [10, 37, 38, 69]. The key requirement
was a pre-existing, slow and dense equatorial disk or torus to pinch the waist of the
bipolar structure. Observations, however, then showed that the equatorial skirt is no
older than the polar lobes and some parts are younger [18, 82, 112]. We now know
that there is not enough material near the equator to shape the overall morphology;
instead, most of the mass is located at high latitudes in the polar lobes [107].
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The next models to explain the morphology assumed that “intrinsic” shaping
mechanisms had occurred in the ejection process. Acknowledging the apparent
absence of any pre-existing “doughnut,” Frank et al. [40] suggested that the wind
during the Great Eruption was fast and highly aspherical. This hypothesis was
extended to the shaping of the Little Homunculus as well [46, 47]. While they yield
bipolar nebulae resembling the Homunculus, these hydrodynamic models did not
explain why the eruption wind was aspherical to begin with.

Smith et al. [124] showed that η Car’s present-day wind is in fact bipolar with
more mass and higher speeds at the poles, and noted that if the present-day wind
were given a mass-loss rate 1,000 times stronger, it would look like the ballistically
expanding Homunculus. IR observations [104,107,123] also showed that the shape
of the lobes approximately agrees with what one expects for the latitudinal variation
in escape speed on the surface of a rotating star, that more mass is located at the poles
of the Homunculus, and that the thickness of the lobes compared to their radius is
the same as the duration of the eruption divided by its age. The intrinsic bipolar
mass ejection must presumably then be related to either rotation or to a companion
star (or rotation induced by a companion star). In the context of aspherical line-
driven winds, Owocki and coworkers [87–89] proposed that gravity darkening and
velocity-dependent forces on a rotating star inhibit equatorial mass loss and enhance
the mass loss toward the poles. Thus it was suggested that the Homunculus lobes
arose from a bipolar continuum-driven wind with a higher polar mass-loss rate
because of the latitudinal variation in escape speed [33, 68, 85–87]. This would
require an enhanced wind for a brief time during the eruption, ejected directly from
the surface of a rotating luminous star.

An intrinsically bipolar wind from a rotating star has several advantages over
a pre-existing torus that pinches the waist, but there was still no explanation
for the origin of the thin equatorial skirt described in Sect. 7.7 below. Smith
and Townsend [117] noted that since disk-inhibition mechanism arise because of
velocity-dependent forces in a line-driven wind [88], a wind-compressed disk [9]
could still be created in a continuum-driven wind. In that case the disk is formed
by hyperbolic orbits crossing the equator after being launched from the surface of a
rotating star, while the enhanced polar mass flux arises because of gravity darkening.
Smith and Townsend showed that one can thereby account for both the shape of the
polar lobes and a thin fast equatorial ejecta skirt.

In all the models mentioned so far, mass ejection by the primary star is
the principle agent for shaping the nebula. (This includes a scenario where the
rotating primary has increased angular momentum through interaction with a
nearby companion [124]). Binary models have also been proposed to explain the
bipolar shape. Soker [130–133] advocates an analytic accretion model, where a
close companion star accretes matter from the primary wind through Bondi-Hoyle
accretion, and then launches bipolar jets that shape the polar lobes. Alternatively,
the idea of a binary merger (i.e. a merger of a close binary in a hierarchical triple
system) has been suggested more than once to explain the Great Eruption and the
origin of the bipolar nebula [41,61,79], but it is difficult to understand the formation
of the thin disk or the occurrence of previous giant eruptions in this type of scenario.
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7.5 Dust, Molecules and Chemistry

By virtue of its phenomenal IR luminosity, the Homunculus has long been appre-
ciated as a unique laboratory for the study of dust formation and survival in harsh
conditions. The grains in the Homunculus are unusual compared to grains in the
ISM and AGB stars in two important ways:

1. They seem to be unusually large, a ∼ 1 μm or more, based on the following clues.
The grains are near equilibrium blackbody temperatures [52,77,78,110,120,123],
their UV-to-IR extinction ratio is extraordinarily gray [5, 54, 55, 99, 100, 151],
and they scatter efficiently even at ∼2 μm [113]. (Polarization properties of the
nebula indicate that some small grains are also present [103].)

2. They may have unusual composition, probably as a result of C and O depletion in
the ejecta. While η Car shows what appears to be a strong 9.7 μm silicate feature,
it is unusually broad and shifted to longer wavelengths. This has prompted
suggestions that alternative grain mineralogy such as corrundum (Al2O3) and
olivine (MgFeSiO4) might be present [13, 76]. In particular, Chesneau et al.
[13] demonstrated that a combination of olivine and corrundum can account
for the observed shape of the spatially dependent “silicate” feature in the core
of the Homunculus. Since corrundum forms at higher temperatures than normal
silicates, this type of dust might dominate the composition of grains that form
today in the colliding-wind binary system[108]. The unusual composition of the
grains may suggest that current mass estimates of the Homunculus of 10–15 M�
may be underestimates [27] (see above for other reasons why the mass estimates
are conservative).

Our understanding of how these large and unusual grains nucleated rapidly and
survived in the outflow of the Great Eruption is far from complete, and the puzzle
deserves further investigation both theoretically and observationally. An additional
mystery concerns the fact that gas-phase Fe has basically solar abundance in such
a dusty region as the Homunculus [110]. Since we know when the material was
ejected and when the dust formed from the historical record, and η Car is bright
enough in the IR to provide high-quality data today, the Homunculus is a rare and
valuable laboratory to address these questions.

In addition to unusual dust grains, the Homunculus harbors a surprisingly
large mass of molecular gas, less than 0.1 pc from one of the most luminous hot
supergiants known (i.e., η Car itself). Molecules were first discovered there via
near-IR H2 emission lines [104, 109], and were later shown to reside in the cool
outer skin of each polar lobe [104, 107]. Given the presence of molecular hydrogen
in a presumably nitrogen-rich environment, one might expect species like NH3,
which indeed was the first polyatomic molecule detected in the Homunculus [128].
This was also the first detection of a polyatomic molecule around any LBV. UV
absorption studies with STIS have revealed diatomic molecules such as CH and OH
in the thin outer shell [141]. These UV absorption observations and radio studies
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have found no evidence for CO, presumably because most CNO in η Car’s ejecta
is N rather than C and O. While the outer ejecta and the inner Wiegelt Knots
are known to be N-rich from their atomic emission-line spectra [23, 24, 115], the
presence of ammonia gives our first reliable verification that the Homunculus too is
N-rich [128]. The formation and survival of these molecules is far from understood,
and more theoretical work on the molecular chemistry of the Homunculus would be
useful [36].

7.6 The Little Homunculus

The Little Homunculus (LH) is a smaller bipolar nebula nested inside the main
Homunculus, oriented along the same bipolar axis [64]. It is a relatively new
addition to η Car’s family of known morphological features. The LH was briefly
called the “integral-sign filament” (referring to the shape of its emission lines in
HST/STIS spectrograms) and the “Matryoshka Nebula” [49, 63].

Its discovery by Ishibashi et al. was based on its Doppler-shift morphology
in visual-wavelength spectra [64]; bright reflection nebulosity and extinction in
the Homunculus make its structure very difficult to perceive in visual-wavelength
images. The LH’s 3-D structure is best seen in near-IR emission lines of [Fe II],
because these lines are bright and they can penetrate the foreground dust screen
[104,106]. This structure is clearly evident in Fig. 7.3. The LH spans 4–5′′ along the
polar axis of the Homunculus [64,106]. It does not align with any features in visual
scattered light, nor does it match the inner IR torus [106]. Since it was not detected
at 10–20 μm, it probably does not contain a substantial amount of dust [123].

It does, however, match up quite well with the “Purple Haze” [81, 126] and
the inner radio continuum nebula [30]. Smith [106] proposed that periodic and
direction-dependent UV illumination of the LH is responsible for the extended radio
continuum nebula and its associated changes through the 5.5 year cycle. This could
offer a powerful test of models for the 5.5 year variability. Because it is seen in
the radio continuum, the LH apparently absorbs whatever last remaining ionizing
photons escape the dense wind of the central system.

Most indications suggest that the LH was ejected during η Car’s 1890 eruption
[64, 106]. The LH has an expansion speed of 300 km s−1 at the poles [62, 64, 106]
and slower values at lower latitudes, with an expansion speed of ∼140 km s−1 along
our line of sight [106]. Thus, the LH is responsible for the −146 km s−1 absorption
feature seen in high-resolution UV spectra [50]. Blueshifted absorption features
around 200–300 km s−1 in the spectrum observed during the 1890’s eruption
[59, 146] support the association of the LH with this event. However, nebular
kinematics [106] and proper motions in STIS spectra [62] both imply an ejection
date around 1910, but this assumes constant linear expansion. The LH’s polar
expansion speed of 300 km s−1 is much slower than the 500–600 km s−1 stellar
wind of η Car that pushes behind it, and Smith [106] showed that the LH would
indeed be accelerated to its present value if it had been ejected in 1890, and that this
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acceleration leads us to infer an incorrect and more recent ejection date. The same
may be true for the kinematics of the Weigelt knots [125]. Smith [106] proposed
that the Weigelt knots are simply the equatorial pinched waist of the LH, analogous
to the IR torus of the larger Homunculus (see below).4

Estimates of densities in the LH range from a few times 104 cm−3 [104] to 106

or even 107 cm−3 [64]. Combining the observed 3-D volume of the LH with an
uncertain ionization fraction, the mass is estimated as 0.1 M� [106], which is in
rough agreement with other estimates based on upper limits to the dust mass and the
kinematics. The kinetic energy of the 1890 event is then roughly 1046.9 erg [106].
Given that the mass and kinetic energy of the 1890 event were orders of magnitude
less than the Great Eruption [123], the fact that the two mass ejections shared the
same basic geometry is thought provoking, to say the least. From a similar study of
infrared [Fe II] emission from P Cygni’s shell, Smith and Hartigan [114] concluded
that the 1600 AD giant eruption of P Cygni was nearly identical to the 1890 lesser
eruption of η Car in terms of its ejected mass, speed, and kinetic energy, although it
was not bipolar.5

7.7 Equatorial Structures

7.7.1 The Equatorial Skirt

While bipolar lobes often occur in planetary nebulae and other astronomical objects,
the ragged debris disk in η Carinae’s equatorial plane is an uncommon and
somewhat mysterious sight. This equatorial “skirt” or “debris”, as it is sometimes
called to distinguish it from a smooth (and especially a Keplerian) disk, was first
seen in high-resolution ground-based images [31]. Images with HST showed more
detail in the radial streaks and other features [81]. Images alone were inadequate,
however, because some “equatorial features” later proved illusory.6 The geometrical
thinness, planar form, and velocity structure of the skirt were especially apparent
in HST spectral data [26], and Doppler velocities remain necessary to establish
whether a feature is equatorial or not.

Though prominent in scattered-light images with brightness comparable to the
polar lobes, the equatorial skirt is not seen clearly in thermal-IR maps [52, 94,
120, 123], suggesting that it contains little mass or that it is not heated efficiently.

4Also see Chap. 6.
5See the chapter on the outer ejecta and other LBV-associated nebulae by Weis.
6For instance, a bright fan-shaped structure 4′′ northwest of the star was often cited in the 1990s as
an especially obvious equatorial feature. But Doppler velocities and IR measurements show that it
is really a less-obscured patch of the NW polar lobe, despite appearances [18, 120, 123].
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If the dust were cooler and substantially massive, however, one would expect the
equatorial features to become more prominent at longer wavelengths or to cause
severe extinction, but they are as hard to see at 25 μm as at 10 μm [123]. Smith et al.
[123] have discussed the illumination of the equatorial ejecta in detail.

The age of the equatorial ejecta inspired a lively debate which is still not
entirely settled [16, 17, 82, 112]. Proper motions at low spatial resolution with a
time baseline of 50 years yielded an ejection date around 1885 for the equatorial
features, suggesting that they came from the 1890 event [112]. Gaviola noted hints
toward the same conclusion [42,96]. Doppler velocities indicate post-1860 material
in the skirt [25, 26, 104, 106] and in the roughly-equatorial Weigelt Knots closer
to the star [25, 29, 125, 149]. Proper motions measured in high-resolution HST
data [16, 82], however, suggested that the skirt features were older, perhaps coeval
with the Homunculus. Subsequent spectra showed emission lines in the equatorial
material with both ages [18]. Thus, the resolution of the disagreement may be that
the early blue plates (1945) and color slides (1972) were contaminated by line
emission from younger diffuse gas originating in the 1890 event, whereas the small
clumps measured in HST images were dust condensations tracing most of the mass.
At least one of the features overlapped with the “Purple Haze” [126], a region of
line emission that may be partly due to the younger Little Homunculus.

Only two models so far have attempted to explain the simultaneous origin of the
polar lobes and this equatorial skirt, and in both cases the origin of the asymmetry
was an inherently aspherical ejection by the star. Matt and Balick [71] presented
a magnetohydrodynamic model for the present-day bipolar wind and disk, and
conjectured that if this occurred at much higher mass-loss rate it may also explain
the Homunculus. Smith and Townsend [117] presented a model of ejection from
the surface of a rotating star that would produce a structure like the skirt via a
compressed disk, along with the polar lobes. This type of mechanism is intuitively
appealing because the required “splashing” at the equator may partly account for
the ragged streaked appearance of the skirt [20, 25].

Some prominent features in the skirt share apparent connections to more distant
and perplexing features in the outer nebulosity. For instance, the bright equatorial
structure located ∼4′′ north-east of the star seems to connect to a nebular feature,
sometimes termed the NN Condensation, north-east “jet”, or “NN jet” [75,144,145].
This structure extends radially in the same direction, driving an apparent bow-shock
structure in the outer ejecta that is seen in nebular emission-line images [73,75,81].
Similarly, the streaked features in the skirt located west of the star appear to connect
to the S Condensation. These perceived connections may be due to either common
hydrodynamic flows or illusions caused by beams of starlight escaping in preferred
directions, or both. These collimated protrusions in the equatorial plane have few
parallels in astrophysical objects. These and additional structures in the outer ejecta
are discussed further in Chap. 8.
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Fig. 7.4 A near-IR adaptive-optics image of the core of the Homunculus obtained with the VLT.
This figure was prepared by the author from a K-band image kindly provided by O. Chesneau (see
[13])

7.7.2 The Obscured Inner Torus

As noted earlier, IR imaging during the 1970–1990s revealed a complex, multi-
peaked structure in the core of the Homunculus. Several near-IR and mid-IR studies
with 2–4-m class telescopes, each of which improved on previous work, unveiled
these inner structures at high resolution, most often interpreted as some variation
of a dusty torus [35, 52, 56, 80, 94, 95, 113, 118, 120]. Access to mid-IR imaging
on 6–8 m class telescopes improved our view of the torus [122], and we now have
stunning adaptive optics images in the near-IR (Fig. 7.4) obtained with the VLT and
Gemini-South [7, 13].

Like the larger equatorial skirt, this compact and complex structure has sparked
interesting debates. Morris et al. [80] proposed that this structure was a pre-existing
15 M� torus, including the 110 K dust that domainted the far-IR flux, and was the
agent responsible for pinching the waist of the Homunculus. Davidson and Smith
[22] argued against this interpretation, and pointed out that the torus was actually
quite warm. Hony et al. [56] proposed that the inner structure was a pair of polar
rings like those around SN 1987A, and that the polar axis of the binary system
had precessed by 37–58◦ caused by a close interaction of a triple system. Smith
et al. [122] presented higher resolution images showing that these rings were an
artifact of lower spatial resolution, resembling a fragmented torus instead. Chesneau
et al. [13] presented even higher-resolution images showing surprisingly complex
structure (Fig. 7.4), and proposed that these unprecedented features were part of an
inner bipolar nebula that they named the “butterfly nebula”.
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Examination H2 velocities in near-IR long-slit echelle spectra showed that the
dusty features in question were in the mid-plane of the Homunculus where the two
polar lobes meet at the pinched waist of the nebula, and were not related to polar
features of the Little Homunculus [106,107]. The expected dust temperatures at this
location agree with the observed warm color temperatures of the dust of 250–400 K
[123]. The strange and irregularly corrugated structures seen in the VLT images
[13] probably result from the strong post-eruption wind of η Car pushing out the
relatively low density regions in between clumps in the torus [122]. In some cases,
perhaps these protrusions have broken all the way through in the mid plane, allowing
the stars visual light to escape to large radii, producing radial streaks seen in images
of reflected light.7 This provides only a partial explanation for outer features like
the NN jet and the S Condensation, which still evade our understanding.8

The clumpy torus seen in near- and mid-IR images has no counterpart in visual-
wavelength images in scattered light, but it can be seen by virtue of its emission-line
variability caused by ionization changes during the 5.5 year cycle [121], and it can
be recognized by its Doppler shifted narrow line emission in long-slit STIS spectra
of the inner Homunculus [48].

7.8 Summary: Fast Facts

The Homunculus of η Car is a spectacular and complex object that is a rich
laboratory for studying many phenomena associated with ISM processes and the
physics of stellar mass loss. It is seen in scattered starlight at visual and near-IR
wavelengths, allowing us to see the star from multiple directions [124], but it also
has intrinsic emission features that tell us about the kinematics and excitation of the
nebula [18,54,107,110]. Its intrinsic spectrum is that of a low-ionization warm pho-
todissociation region, but with peculiar gas and dust abundances. Extended emission
has been detected at all wavelengths from scattered X-rays [14], the UV [125],
visual and near-IR wavelengths, thermal-IR, and even low-level radio continuum
emission from the polar lobes [30]. It is rivaled by few other objects in the sky,
but its complexity often defies the simplest interpretation. Our understanding of the
Homunculus will no-doubt continue to improve, but here I list current best estimates
for several observed properties of the nebula:

7[Editor’s note:] After this chapter was complete, Artigau et al. [7] described new near-infrared
adaptive optics images. Proper motions measured from the NICI and NaCO [13] images combined
with the radial velocities [107], show that the knots and filaments that define the bright rims of the
“butterfly” were ejected at two different epochs corresponding approximately to the Great Eruption
and the second eruption. Most of the material is spatially distributed above and below the equatorial
plane apparently behind the Little Homunculus and the larger SE lobe. Artigau at al. conclude that
the butterfly is not a coherent physical structure or equatorial torus but spatially separate clumps
and filaments ejected at different times.
8See relevant Chaps. 8 and 6.
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• Proper motions measured with post-refurbishment HST images give an ejection
date for the Homunculus of 1847 (±4–6 year) [82]. This is consistent with the
1843 eruption peak within the uncertainty, but hints that there may have been
some post-ejection acceleration.

• The total IR luminosity integrated from 2 to 200 μm is 4.3×106 L� [123]. The
total stellar luminosity is 10–20% higher, since UV/visual light escapes.

• The total mass of the Homunculus (gas+ dust) is at least 12–15 M� [80, 110,
123], but could be substantially more as noted above. The total kinetic energy is
then at least 1049.7 erg [123].

• The shape of the polar lobes is traced best by near-IR H2 emission [107] and is
shown in Fig. 7.3. Smith [107] also gives the expansion speed, mass, and kinetic
energy as a function of latitude. Most of the mass and kinetic energy is at high
latitudes.

• The heliocentric distance to the Homunculus, derived from its proper motion and
Doppler shifts assuming axisymmetry, is 2.3±0.05 kpc [18, 72, 104, 107].

• The inclination angle of the Homunculus (the angle that the polar axis is tilted
from the line-of-sight) is i = 42◦±1◦ [18, 107].

• The systemic velocity of η Car is −8.1(±1) km s−1 heliocentric, or −19.7(±1)
km s−1 LSR, measured from narrow H2 lines [105].

• The Homunculus has a well-defined double-shell structure. The thin outer shell
has about 90% of the total mass, is primarily molecular gas, Fe is neutral, the
particle density is ∼107 cm−3, and the dust temperature is about 140 K. The
inner shell is thicker and less massive, the dust is warmer at about 200 K, metals
like Fe and Ni are singly ionized, and H is mostly neutral [107, 110].

• The dust grains that dominate thermal emission and extinction are large, with
a �1 μm. Judging by the 10 μm emission feature, the chemical makeup of the
dust appears to be unusual compared to other evolved stars, with significant
amounts of corrundum and olivine.

• The detection of NH3 and lack of CO verifies that the neutral/molecular Ho-
munculus is N-rich like the outer ejecta and Weigelt knots [128]. The molecules
that have been detected so far are H2 [104], CH and OH [141], and NH3 [128].
Verner et al. suggest that CH+, CH+

2 , CH2, and NH may also be detectable.
One might also expect to find N2H+ [128]. In other words, the Homunculus is a
valuable laboratory for studying N-rich molecular chemistry.

• Most of the dense clumpy structures in the equatorial skirt seen in optical images
were ejected at the same time as the polar lobes. There is also younger material
from the 1890 eruption intermixed with these equatorial ejecta, seen mainly in
emission lines. The equatorial skirt is not a pre-existing disk that pinched the
waist of the nebula.

• IR images show a bright IR torus inside the Homunculus that is not seen in visual-
wavelength images. It is bright in the IR because it contains some of the warmest
dust in the Homunculus, where the thin walls of the two polar lobes meet at the
equator. The mass in this torus is not nearly enough to have pinched the waist of
the Homunculus.
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7.9 The Future for the Homunculus

Eta Carinae is among the most bizarre extended objects in the sky, with some of
the most spectacularly complex and puzzling circumstellar structures known. It is
wise to keep this in perspective, however, remembering that many of the reasons the
Homunculus seems so peculiar arise because it is so young. It is young enough that
it is still in free expansion, and so the observed geometry still bears the imprint of the
initial ejection – before its signature is erased by deceleration from the surrounding
medium. This makes η Car unique among massive stars, and this is why it is such
a valuable tool for constraining the physics of episodic mass loss. It is therefore
instructive to end by briefly considering the future fate of the Homunculus:

In another 500–1,000 years, the Homunculus will have expanded to ∼5 times its
current size, and will plow into the outer ejecta. Its very clean bipolar and thin disk
geometry will probably be diluted or erased. It will no longer obscure the central
star (and will therefore be harder to observe), and it will not be one of the brightest
10–20 μm objects in the sky because the dust will absorb a smaller fraction of the
total luminosity and will be much cooler. At lower densities it will probably be
largely ionized (if not by η Car, then by the remaining ∼60 O-type stars in the
Carina nebula), and the thin outer molecular shell will probably not survive.

In other words, it will probably appear as a fairly ill-defined, hollow ellipsoidal
ionized gas shell with unclear kinematics, much like η Car’s current outer ejecta
from a previous eruption or the nebula around AG Car [119, 134, 143]. In context,
then, the Homunculus is perhaps not so bizarre after all, since shell nebulae with
masses of ∼10 M� are not unusual for LBVs with luminosities above 106 L� [116].
This epitaph underscores how lucky we are to observe the Homunculus in our
lifetimes with available technology at an optimal time when τ = 1 throughout
much of the nebula. Until the distant (or not so distant?) future when fuel has been
exhausted in the star’s core, the Homunculus will continue to disperse, leaving the
star unobscured when it explodes . . . unless another giant eruption happens first.
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of the Homunculus and discussed related topics, especially Kris Davidson, Gary Ferland, Bob
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Chapter 8
The Outer Ejecta

Kerstin Weis

Abstract η Carinae is surrounded by a complex circumstellar nebula ejected
during more than one eruption, the great eruption in the 1840s and the second
or lesser eruption in the 1890s. Beyond the well-defined edges of its famous
bipolar nebula are additional nebulous features and ejecta referred to as the outer
ejecta. The outer ejecta includes a variety of structures of very different sizes
and morphologies distributed in a region 0.67 pc in diameter with a mass of >2–
4 M�. Some individual features in the outer ejecta are moving extremely fast, up
to 3,200 km/s, with most of the expansion velocities between 400–900 km/s. As a
consequence of these high velocities, structures in the outer ejecta interact with the
surrounding medium and with each other. The strong shocks that arise from these
interactions give rise to soft X-ray emission. The global expansion pattern of the
outer ejecta reveals an overall bipolar distribution, giving a symmetric structure to its
morphologically more irregular appearance. The long, highly collimated filaments,
called strings, are particularly unusual. The material in the strings follow a Hubble-
flow and appear to originate at the central star. The properties of the nebulae
associated with other LBVs also are described and compared with η Car. HR Car
and AG Car show similar bipolar morphologies but are much older; HR Car’s nebula
may be η Car’s older twin. The larger, extended nebulae detected around the giant
eruption LBV P Cygni, and the extended nebulosity associated with AG Car and
HR Car could be either from previous eruptions or facsimiles to η Car’s outer ejecta.
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8.1 The History of the Homunculus and the Outer Ejecta

The earliest reference to the presence of extended nebular emission around η
Carinae is from van den Bos [54, 55] who suggested that some ‘companions’ he
detected around the η Argus system might be “nebular nuclei”. Shortly after that,
Gaviola [17,18] published a series of images of a coherent nebular structure, which
he called the Manikin or the Homunculus due to its human-like appearance. Gaviola
also identified individual bright regions around the Homunculus, some of which had
also been recognized by van den Bos. At about the same time Thackeray [52,53] also
observed the nebula. His sketch showed emission outside the bright Homunculus
region and he speculated about the presence of a fainter outer nebula or shell. Since
then the term Homunculus has been applied only to the bright, coherent bipolar
nebular structure around η Car.

Walborn’s [56] ground based images were the first to show the detailed structure
of the outer nebula, now called the outer ejecta. He recognized and named various
individual structures which are identified in Fig. 8.1 on a more recent HST image.
The skirt (or equatorial disk of streamers) and the NN bow, which marks the
larger, jet-like region in which the NN and NS condensations are embedded are also
marked in Fig. 8.1 (for details see Sect. 8.2.2). Using many very short ground based
exposures and a shift-add technique Duschl et al. [10] produced an image in 1985
that clearly showed for the first time the bipolar nature of the Homunculus with its
equatorial disk or skirt of streamers. The bipolar lobes of the Homunculus were later
made famous in some of the first images from HST [13, 23].

Gaviola was the first to note that the Homunculus nebula is expanding at a rate
of several arcseconds per century based on proper motions [18]. More detailed
analysis of the proper motions [22, 44] yielded expansion velocities as high as
300 km/s which at the currently accepted distance to η Car, translate into motions
of about 500 km/s. Similar values for the expansion of the Homunculus have been
obtained from more recent multi-epoch data from HST [3, 39, 48]. Walborn and
collaborators [56–58], however, derived velocities, from proper motions, between
280 and 1,360 km/s for structures in the outer ejecta.

In his spectral analysis Gaviola [19] identified sections of the outer ejecta
(his region k, in Walborn’s notation the S condensation) which move with a
speed in excess of 1,000 km/s. Meaburn’s analysis with higher spectral resolution
and long-slit spectroscopy [30–33] yielded the motions of many more structures
and regions in the outer ejecta, with radial velocities spanning values between
+300 and −1200 km/s. Other studies, [5, 24], including Fabry-Perot measurements
[59], support these results. In the course of these early kinematic studies several
knots were also found in the outer ejecta which expand much faster than the
Homunculus including a feature in the S ridge moving at +2,150 km/s [8]!

Several chemical composition analyses of the outer ejecta revealed an overabun-
dance of nitrogen and helium as expected from CNO processed material presumably
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Fig. 8.1 This figure shows
an 1.′5 × 1.′5 HST image of
η Carinae taken with the
F658N filter, north is up, east
to the left. Contours in the
upper panel highlight the
brightest regions and reveal
the bipolar Homunculus with
its equatorial skirt. In the
lower panel a sketch outlines
several distinct features
identified by Walborn
[56, 58]. The NN bow and
skirt markings have been
added (Figure from
Weis [63])

ejected from the evolved central star [6–8]. More recent measurements [50] of
the abundances at several position in the outer ejecta confirm that the ejecta is
CNO processed, and suggest that more distant clumps may have a lower nitrogen
overabundance.
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8.2 The Present Optical Appearance

8.2.1 The Global View

8.2.1.1 Size and Shape

The outer ejecta extends to at least 30′′ (0.34 pc) from the central star based on
deep HST WFPC2 images in the F656N (Hα) and F658N ([N II]) filters.1 The
central bipolar structure, the Homunculus, has a diameter (long axis) of about 18′′
(0.2 pc). In the left panel of Fig. 8.1 one clearly sees that the Homunculus is by
far the brightest structure in η Car’s associated circumstellar nebulosity. In the
outer ejecta, the NN, NS, E, W, S condensations and the S ridge have the highest
surface brightnesses and were therefore the first to be recognized. Numerous lower
surface brightness emission features from small filaments and knots were detected
later in deep HST images. Unlike the Homunculus, the outer ejecta at first does not
look symmetric, or like a coherent structure. Individual structures can be described
as filaments, jets, arcs, bullets or knots (see Sect. 8.2.2), and strings (Sect. 8.2.3).
While the Homunculus with its two lobes (and equatorial ejecta) has a near-perfect
bipolar morphology, the outer ejecta appears much more asymmetric, composed
of many irregularly shaped structures in an elliptically shaped region around the
Homunculus.

8.2.1.2 Mass Estimate

The electron density in the outer ejecta is ∼104 cm−3 [63] based on the [S II]
ratio from HST/STIS observations with an assumed typical electron temperature
of 14,000 K [9]. This density estimate is quite constant for the structures detected in
four different spectra across the outer ejecta (including the strings, see Sect. 8.2.3)
and is similar to the value obtained for the S ridge [9] using the [Si III] line
diagnostics. With this density, an estimate of the volume filling factor,2 and
maximum diameter of 0.67 pc ejecta, we derive a total mass of 2–4 M�. The S ridge,
W arc and NN bow contribute roughly 85% of the total mass. Given that the density
measurements are close to the high density limit, the very faint diffuse emission
is not included, and we have no knowledge of possible structures hidden by the
Homunculus or projected onto it, this value has to be considered a lower limit.

1Due to the fast motion of the structures in the outer ejecta (see Sect. 8.3) emission detected in the
Hα filter can be the result of blueshifted [N II] emission and vice versa.
2The much higher filling factor for the S ridge, W arc and NN bow has been taken into account.
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8.2.1.3 Origin

The nebulosity associated with many LBVs is generally considered to be the result
of episodes of high mass loss in the LBV phase, and possible giant eruptions, like
that of η Car in 1843. Models for the formation of η Car’s Homunculus and the
outer ejecta are based on hydrodynamic simulations that include the mass loss
history, the interaction of various wind phases, and possible instabilities that could
lead to an eruption. Garcı́a-Segura et al. [16] produced one of the first simulations of
a nebula around a 60 M� star, with a bipolar structure and the onset of instabilities
that lead to fragmentation of the shell. The same group [26] also proposed a model
specifically for η Carinae, assuming the nebula was created in the 1843 event,
that reproduces the bipolar shape, the equatorial skirt, and filamentary structures
comparable to those observed in the outer ejecta. However their model is focused
on reproducing the bipolar Homunculus, not the outer ejecta. Other models (some
assuming that the disk formed first) were also able to reproduce the Homunculus
[11,14,15,21], and even the Little Homunculus [20], a smaller bipolar shaped nebula
embedded in the Homunculus. A comprehensive model for the formation of the
outer ejecta however is missing. González et al. [21] suggest that it might be the relic
of an earlier eruptive phase before the giant eruption. Various kinematic analyses
have produced arguments in favor of both an earlier ejection and at the same time
as the 1843 eruption. Both possibilities are discussed later. The abundances of the
outer ejecta nevertheless support its formation during the evolved – most likely
LBV – phase of the star. The high nitrogen and helium abundances (CNO processed
material), rule out its origin as the remnant of an older main-sequence wind blown
bubble.

8.2.2 Knots, Arcs, Streamers and Jets

The morphology of the outer ejecta are described here starting with the historically
identified structures shown in Fig. 8.1. Higher resolution HST images of some of
the regions discussed below are also presented in Fig. 8.2.

8.2.2.1 The E Condensations

The E condensations consists of five discrete knots (E1, E2, E3, E4, E5) described
by Walborn [56]. With the much higher resolution of the HST images each of
these knots breaks up into several substructures (Fig. 8.2, middle left, 10′′ × 20′′,
0.1× 0.2 pc). There are also many smaller knots and diffuse emission in between
each of the E condensations. The upper limit for the number of knots clearly depends
on the detection limit in the current images.
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Fig. 8.2 In the middle right a 60′′ × 60′′ section of the HST image from Fig. 8.1 is shown with
north up and east to the left. In several side panels enlargements of distinct regions in the outer
ejecta are shown: The NN bow region, the E, S and W condensation(s) as well a region in the very
north-east (designated NNE condensations) in which several knots are present in the very outskirts
of the outer ejecta. In the image of the W condensation & W arc the strings 3 and 4 are also visible
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8.2.2.2 The S Condensation and S Ridge

The S ridge including the brightest part, the S condensation, is, together with the
N condensation the brightest and largest structure in the outer ejecta (e.g. Walborn
[56]). In deeper HST images, the S ridge is visible as an arc covering 150◦ from the
south to north. It consists of a countless number of knots, bullets, tiny filaments,
arcs and finger like structures. a significant number of which seem to interact and
collide with each other (see also Sect. 8.4). The S and N condensations appear to
be natural extensions of the equatorial skirt or streamers [10]. A large amount of
material has apparently been ejected preferentially in the equatorial direction and
gives rise to the highest surface brightness in the S ridge. In Fig. 8.2 (lower left,
10′′ × 10′′, 0.1× 0.1 pc) one can even see diffuse filaments connecting the bright
region of the S condensation (central part of the images) with the skirt (bright bow
like structure in the upper left).

8.2.2.3 The W Condensation and W Arc

The W condensation is by far the brightest emission in the western section of the
outer ejecta. HST images resolve it into several much smaller clumps (Fig. 8.2,
lower right, 15′′ × 15′′, 0.15× 0.15 pc). It is also not as isolated as it appeared in
older ground based images. Several less bright knots and filaments accompany this
structure. The W arc resembles an extension of the S ridge but at lower intensity.
The HST image resolves it into many smaller elongated filaments that in several
cases point radially away from the Homunculus. There are two structures within the
W arc and partially projected onto the W condensation now classified as strings (see
Sect. 8.2.3).

8.2.2.4 The N Condensation or Jet

In his first sketch of the outer ejecta Walborn [56] identified the N condensation
that marks the very northern edge or tip of a bow like structure, that was present in
his sketch but unnamed. It is now called the NN bow in Fig. 8.1. In a later paper,
Walborn & Blanco [58] (see also Fig. 8.1) subdivided the N condensation into two
separate entities, the NN and NS condensation. The NN and NS condensation as
well as the NN bow appear as a counterpart to the S condensation and parts of the
S ridge. A natural interpretation of both is that they are a projected extension of the
streamers defining the inner skirt [10], and represent the brightest area of a larger
equatorial disk. Meaburn et al. [32] interpreted the NN condensation as the tip of
what he defined as the jet which marks the inner region of the bow in Walborn’s
sketch and runs straight from the skirt to the NS condensation and then to the tip of
the NN condensation. In Meaburn’s interpretation, the jet is the result of an episodic
ejection of material. Figure 8.2 (upper right, 10′′ × 10′′, 0.1× 0.1 pc) shows the
NN bow (jet) in detail and the bright NN and NS condensations. To some degree, the
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NN bow is a relatively coherent structure with a lot of substructures. The NN bow
has a broad top at the northern edge and does not appear tapered as it is normally
the case for a jet. If the NN bow is an extension of the skirt this broader top could
result from the projection of the extended skirt (streamers) on the plane of the sky,
due to the different position angles of each streamer.

8.2.2.5 New Structures Detected in HST-Images

With deep, high spatial resolution HST images, smaller individual entities and
diffuse emission in the outer ejecta became visible. The high spatial resolution of the
deep HST images (primarily from HST/WFPC2) significantly increased the contrast
of small knots and narrow filaments against the diffuse, bright, and structured
background of the Carina H II region, allowing us to see the significant substructure
in known features in the outer ejecta, and also led to the detection of many new
small and/or low surface brightness emission-line regions. The upper left panel of
Fig. 8.2 (10′′ × 10′′, 0.1× 0.1 pc) shows a region with many small clumps far from
the central star, in the outskirts of the outer ejecta, even though they are much fainter
than those closer to the Homunculus. By analogy with the older nomenclature, we
call them the NNE condensations. Note also that they again appear spatially on a
line with an even larger extension of the skirt and NN bow.

The smallest objects detected so far in the outer ejecta are those barely resolved
or just below the resolution of HST which limits their size to 7.7 10−4 pc or 160 AU
at a distance of 2.3 kpc. The brightness of η Car, responsible for stray light and
ghosts, and the nebular background also restrict the detectable surface brightness,
and we may still be missing the lowest surface brightness ejecta.

In summary the outer ejecta is a conglomerate of knots, arcs, streamers and jet-
like structures of very different sizes. The NN bow seems to be the only structure
we can assume to be coherent, and therefore one of the largest with a length or
height of 0.084 pc and a width of 0.081 pc, at its broadest section, close to the
Homunculus. The longest single objects by far in the outer ejecta, however, are
the strings described in Sect. 8.2.3.

8.2.3 . . . and Strings !

The most amazing structures in the outer ejecta are long, highly collimated linear
features, now called the strings (see lower right panel in Fig. 8.2 and left panel in
Fig. 8.3). The first structure of this type, String 1, was identified nearly simulta-
neously by Malin [27] and by Meaburn et al. [30] and was called, respectively,
a spike or jet. Five such strings have now been identified by visual inspection of
HST images and labeled string 1, 2, 3, 4, 5 by Weis et al. [69]. Morphologically
similar features can be seen on smaller scales, but have been provisionally excluded
from this class as they are not as prominent and show less extreme parameters.
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Fig. 8.3 Left: Three of the highly collimated structures, the strings, found in the south(-east) part
of η Carinae’s outer ejecta (Image from Weis et al. [69]). Right: An image from the CHANDRA
satellite showing η Carinae’s and the nebula’s X-ray emission (Weis et al. [72])

Table 8.1 Parameters of the five strings in the outer ejecta (Table adapted from
Weis et al. [69])

String
#

Length
(pc)

Width
(pc)

Length-to-width
ratio

vmin
(km s−1)

vmax
(km s−1)

(N II)λ
6583Å/Hα

1 0.177 0.003 70 −522 −995 3.3
2 0.044 0.002 31 −442 −591 2.7
3 0.095 0.002 42 200 300 2.3
4 0.103 0.002 68 – – –
5 0.058 0.002 38 −383 −565 3.0

Two of the strings were found in the north(-western) (Fig. 8.2, lower right panel)
and three in the south(-eastern) (Fig. 8.3 left panel) part of the outer ejecta. None
were detected in the other two quadrants. All strings appear to emerge from the rim
of the Homunculus lobe either between it and the S ridge or the W arc. The length
of the strings varies from the shortest (string 2) with 0.044–0.177pc for the longest
(string 1). Both are visible in Fig. 8.3. The width of the strings was resolved with
HST to be 0.002–0.003pc, revealing a length-to-width ratio between 31 and 70.
Parameters for all strings are given in Table 8.1.

All of the strings point radially away from the Homunculus, and if they could
be traced back further, would appear to emanate from η Car itself. Except for
string 2 which shows a noticeable kink, they seem to be quite straight with only
minor wiggles. String 1 however does split and merge again in a short section
close to the S ridge (barely visible in Fig. 8.3, just underneath the diffraction spike).
Measurements of the [S II] lines yield a density estimate of 1.6 10−23 kg/cm3 for
string 1 and assuming the string to be a filled cylinder a total mass estimate of
3–4 10−4 M� [63]. Kinematic information exists for strings 1, 2, 3, and 5, and will
be discussed in Sect. 8.3.
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8.3 Kinematics

8.3.1 The Outer Ejecta

As already mentioned in Sect. 8.1 the expansion velocities in the outer ejecta can
reach up to more than 1000 km/s. Several newer studies show velocities as high as
2000 km/s or more [50, 60, 61]. Weis’s [61, 70] systematic high-resolution longslit
echelle spectroscopy of the complete nebula revealed unexpected results for the
kinematic behavior of the the individual structures with expansion velocities ranging
from roughly −1000 to 3200 km/s, with the majority between 600 and 700 km/s.3

Individual knots or arcs can however show a very large velocity dispersion, that
also reaches up as high as several hundred km/s. The upper panel in Fig. 8.4 shows
the maximum expansion velocities measured for the knots and regions in the ejecta
surrounding the Homunculus. While the observed features in the outer ejecta show
a more or less irregular and random distribution, the red and blueshifted velocities
seem to follow a systematic bipolar expansion pattern. All of the structures more
or less to the (south-)east are blueshifted, and those more to the (north-)west are
redshifted. The outer ejecta thus follows the same symmetry and has the same axis as
the Homunculus: the southern lobe in the Homunculus is tilted towards, the northern
away from the observer. So, even though the morphology does not appear bipolar,
the kinematics reveal the bipolar nature of the outer ejecta (e.g. Weis [60, 72]). An
additional expanding shell [4] in front of the south-east lobe of the Homunculus also
matches the global expansion pattern of the outer ejecta.

Finally what do the kinematics tell us about the the formation and age of the outer
ejecta? Is the outer ejecta the result of the 1843 eruption or is it much older? From
proper motion measurements, Walborn & Blanco [57] and Ebbets et al. [12] found
that the NN, S, and some of the E condensations were ejected between 1797 and
1891. This makes it very likely that the outer ejecta originated in the 1843 eruption,
however, the measured velocities could be affected by deceleration [57]. The proper
motion measurements from the HST images [3,40] are also compatible with an 1843
origin of the outer ejecta. If deceleration is allowed for, the observed velocities for
the N condensation could also match an ejection during the 1890 event, or second
eruption. Smith & Gehrz [48] suggested the same origin for the formation of the
equatorial features (skirt).

Meaburn et al. [30,32,33] and Weis [61] obtained similar results for the origin of
the outer ejecta using radial velocity measurements. Assuming an origin of the outer
ejetca around 1843, Weis determined the the inclination angle for all of the knots
with known radial velocities. The spatial distribution derived is in good agreement
with an outburst in bipolar directions.

3Editors note: Smith [47] has recently reported ejecta moving at 3,500 km s−1 and possibly as high
as 6,000 km s−1 which he attributes to a blast wave from the 1843 eruption.
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Fig. 8.4 In both figures the
underlying grayscale image
is the HST F658N picture.
In the upper panel radial
velocities for certain clumps
(areas) measured from optical
echelle spectroscopy are
shown. For better
visualization, the expansion
velocities have been color
coded: blueshifted structures
in blue (and underlined),
redshifted in red. The font
size has also been increased
with increasing velocity. The
lower panel shows the X-ray
emission measured with the
CHANDRA satellite in the
energy band between 0.6 and
1.2 keV superposed on the
same optical image (Figure
from Weis [63])

8.3.2 The Strings

Weis et al. [69] obtained high-resolution echelle spectroscopy and kinematic
measurements for strings 1, 2, and 5 (see Fig. 8.3). All of these strings posses a
blueshifted emission and show radial velocities between−383 and−995 km/s. They
also all show an increasing radial velocity towards their tip or end furthest from the
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Homunculus, a perfect Hubble-flow. Extrapolating the strings back to their origin
(see Fig. 6 in Weis et al. [69]), they seem to have been expelled at the position of
the central object and their radial velocities steadily decrease towards zero at this
position. Their velocities are blueshifted like other structures in this region, and
they thus follow the bipolar symmetry derived from kinematical analysis. An HST-
STIS spectrum at higher spatial, but lower spectral resolution, indicates that string 3
shows the same kinematic behaviour as the others. As expected for its north(-west)
location in the outer ejecta the radial velocity of string 3 is redshifted, fitting to the
global bipolar expansion pattern. The origin of these highly collimated strings and
their linearly increasing velocities is still very puzzling. Are they a single physical
entity or something else? Weis et al. [69] discussed several possibilities including
coherent structures analogous to a water jet, trails or wakes following a projectile at
the far end or tip of the string like a comet, or numerous much smaller individual
knots or bullets following the same path. Other models proposed for the strings
include a decelerating flow of ablated gas from a bullet [43] or a radiative bullet [42],
and an alternative model assuming shadowing effects has also been proposed [51].

8.4 X-ray Emission

8.4.1 Morphology of the X-ray Emission

The first X-ray satellite with enough spatial resolution to disentangle the nebula
and the stellar emission was the Einstein Observatory. The Einstein images [1, 45]
showed that the X-ray emission partially originates in the outer ejecta and is not only
from the star. A more detailed comparison was possible with the data from the High
Resolution Imager (HRI; spatial resolution ∼ 5′′) on board the Röntgensatellite
(ROSAT). An overlay of the optical HST image and the ROSAT image shows
a very good spatial agreement between the optical and diffuse X-ray emission,
indicating that the hot X-ray emitting material was created by processes in the outer
ejecta [70]. The X-ray emission around η Carinae is hook-shaped with two brighter
knots roughly identified with the optical S ridge and W arc. With the launch of the
CHANDRA satellite, the spatial and spectral resolution of X-ray satellites again
improved and images of the outer ejecta in various energy bands became possible.
Seward et al. [46] provided a short overview of the early CHANDRA observations,
followed by a more detailed analysis of a more sensitive dataset and a comparison
with the kinematics by Weis et al. [72].

The right panel in Fig. 8.3 shows the CHANDRA image in the energy range
between 0.2 and 11 keV. The central object is visible as a bright point source.
A second bright source is located towards the south-west and coincides with the
S condensation. In the lower panel in Fig. 8.4 the soft X-ray emission (0.6–1.2 keV),
which forms nearly the total emission of the outer ejecta, is superimposed on an
HST image. Both figures show that the X-ray emission still exhibits the hook
shape structure, but is composed of smaller substructures. Across the hook, from
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the very bright region (the S condensation) a bridge projects onto the Homunculus
to the north-east, ending south of the N condensation. The NN bow (or jet) is
extremely faint in X-ray emission, hinting at photoelectric absorption of the soft
X-ray emission. Virtually no emission is found in the south-west section of the outer
ejecta, where the number density of clumps is also low. In general, comparison
between optical and X-ray images shows that optical counterparts are present in
most of the regions were X-ray emission is present. It is not a perfect match in
position and size of the structures, but the overall distribution is the same. The best
agreements are seen in the S ridge, S, E and W condensations. An anti-correlation
is found as already mentioned between the NN bow and the Homunculus itself.
Except for the bridge, soft X-ray emission does not coincide with the Homunculus.
X-ray emission from the Homunculus is detected in significantly harder X-ray bands
only, being an X-ray reflection nebula [2]. The bridge therefore most likely results
from clumps and structures in the outer ejecta lying in front and projected onto the
Homunculus. The spatial concentration of the bridge suggests that these features
may be extensions of the streamers/skirt.

8.4.2 Comparing X-ray Emission with the Kinematic
Measurements

A natural origin for the X-ray emission in the outer ejecta is from shocks due to
collisions of the structures with the interstellar medium and with each other. A
comparison of both images in Fig. 8.4 indicates that where strong X-ray emission is
detected, the (radial) expansion velocities range from several hundred to 2,000 km/s
in the S ridge. In most cases the X-ray emission is highest in regions with high
expansion velocities and with the highest density of clumps (as traced by the optical
emission). To test this shock hypothesis, Weis [72] compared the X-ray temperatures
and postshock temperatures. The temperatures of the shocks resulting from the
expansion of the outer ejecta were calculated from the kinematic data (Sect. 8.3).
The X-ray temperatures were measured from CHANDRA spectra selected regions:
the E rim, which includes all E condensations; the S ridge, here defined as the
region north of the S condensation; the SS ridge, an bright area south of the S ridge
which posses only a few optical counterparts; S condensation and the W arc (see
Fig. 5 in Weis et al. [72]). All spectra have been fit using a Mewe-Kaastra-Liedahl
thermal plasma model, with a foreground column density of logNH = 21.3 cm−3

and a solar abundance, except for nitrogen which together with the temperature
and emission measure were left as free parameters. The results for the temperature
and nitrogen abundance (as the number of nuclei per hydrogen nucleus relative to
solar abundances), are listed in Table 8.2. The W arc is the hottest area, with the
E rim being only slightly cooler. All spectra of the S region (S ridge, SS ridge and
S condensation) are very similar in temperature. The nitrogen abundances are high
and, vary only slightly except for the S condensation which has a very high value.
Nitrogen abundances from these model fits match well those derived from optical
spectra [50].
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Assuming that the X-ray temperatures are postshock temperatures, the necessary
velocities of the gas are determined using the relationship T = v2 (3μ/16k). Here v is
the postshock velocity of the gas to be calculated, T the postshock temperature taken
from the X-ray temperature, k the Boltzmann constant and μ the molecular weight.
Since the outer ejecta consists of CNO processed material (e.g. Davidson et al. [7])
μ = 0.67 (fully ionized gas with a mixture of X= 0.6, Y= 0.4) was used. The results
are also given in Table 8.2. The postshock velocities necessary to reproduce the
X-ray emission are roughly 670–760 km/s.

Comparing these values with the measured expansion velocities (Fig. 8.4), we
conclude that the X-ray emission is indeed due to shocks in the outer ejecta. In
some regions (especially E rim=E condensations) the velocities are a bit too low,
however, the plotted velocities are radial velocities, representing a lower limit to the
total space velocity. For example, E5 has a tangential velocity of 600 km/s [58] and
therefore a total expansion velocity of 744 km/s, matching the required velocity.
Therefore one can conclude that the X-ray image of the outer ejecta displays the
shock fronts of the material which interacts with the ambient medium and with
itself. Interaction of the outer ejecta material with each other seems to take place
particularly in the S ridge and S condensation. Very high radial velocities have been
detected in the S ridge and the W arc indicative of very high postshock temperatures.

The CHANDRA images extracted in the hard X-ray band ([72] lower panel
Fig. 4) show the central object and a larger diffuse halo which extends into the W arc
and S ridge. This emission partly results from residuals of the PSF (from the more
central area), and partly from the Homunculus X-ray reflection nebula found by
Corcoran et al. [2], but the more elongated and asymmetric regions to the south-west
are real hard X-ray emission sources in this area, where the highest velocities have
also been detected. This again supports the shock model for the origin of the soft X-
ray emission. The number of fast components is however much smaller compared to
those which move slower. Therefore the X-ray emission is dominated by emission
in the lower energy bands (0.6–1.2 keV, Fig. 8.5).

8.5 LBV Nebulae and Associated Ejecta

8.5.1 Other LBV Nebulae

Numerous massive stars exhibit episodes of high mass loss. Those that are hot or
early-type supergiants in their quiescent phase are known as the Luminous Blue
Variables (LBVs); see the contribution to this volume on “Eta Carinae and the
Luminous Blue Variables” by Vink. It is not known if all massive evolved stars go
through an LBV phase, but in principle, they all certainly have the potential to enter
the LBV phase. Initial mass, metalicity, stellar wind, and rotation may impact the
star’s evolution and therefore its passage through an LBV phase (see e.g. Meynet
& Maeder [38]). The new stellar evolution models – which include the treatment
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Fig. 8.5 This image shows a collage of several galactic and LMC LBV with extended nebulae.
All pictures are shown to the same physical scale (Figure adapted from [64, 67])

of stellar rotation with an initial rotation rate of 300 km/s – indicate that stars with
initial masses as low 22 M� (for Z= 0.02) may have LBV phases (compared to
about 40 M� without rotation). The same models also suggest that a rotating star
with very high mass might totally skip the LBV phase and directly enter the Wolf-
Rayet phase. As a consequence of the high mass loss during the LBV state and
possibly through giant eruptions (like η Car’s 1840s eruption), many LBVs form
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circumstellar nebulae (like the Homunculus and outer ejecta). Figure 8.5 shows a
selection of LBV nebulae detected in the optical (or infrared for the Pistol star). In
this figure all of the nebulae are shown to the same physical scale. The size, the
expansion velocity and morphology for several LBV nebulae in the Milky Way and
the LMC are summarized in Table 8.3.4 They display a wide range of values, and
comparing their parameters with η Car’s Homunculus and outer ejecta shows that:
(a) the outer ejecta of η Car is by far the fastest expanding structure (b) it is one
of the smallest (the Homunculus is only marginally larger than the nebula around
HD 168625), and (c) it is not the only bipolar structure, but the Homunculus has the
most clearly defined bipolar morphology.

Many of the LBV nebulae in the LMC are larger than their galactic counterparts,
while their expansion velocities are much smaller. The LMC LBV nebulae could be
older, which would make them larger and would give them time for deceleration of
their expansion. In that case, however, a population of larger galactic LBV nebulae
should also exist, which is not observed. The lower metalicity in the LMC though
will result in weaker stellar winds, different evolutionary times, changes in the time
scales of stellar and interstellar instabilities, and longer cooling times which could
directly influence the parameters of the nebulae in a complex way, and could explain
the disparity in observed properties of the LMC and Milky Way LBV nebulae [62].
Table 8.3 and Fig. 8.5 show that bipolarity among LBV nebulae is common. Based
on existing morphological or kinematic analyses about 40% are roughly spherical,
and less than 10%, (R 143) appear completely irregular. A large number of LBV
nebulae are bipolar, showing either a hourglass shape like the Homunculus, or
bipolar attachments (caps) as in R 127(see Fig. 8.5). In total at least 50% of all LBVs
are bipolar, for the Galactic objects the fraction is 75%. On smaller scales, however,
the nebulae are highly complex. We have already discussed the fine structure in
η Car’s outer ejecta with its variety of small and large scale objects. The HST image
of S 119 reveals a similar filigree texture in the nearly spherical nebula [71]. Four
bright filaments, possibly due to Vishniac instabilities, point outwards to the north
and south, and are all comparable in size to the entire Homunculus. An image of the
nebula around S 61 shows a bright, inner ring structure surrounded by a larger fainter
ring suggestive of two different wind phases or a porous inner shell. The kinematic
analyses of the nebula around R 127 indicates its bipolar nature [71]. AG Car and
HR Car both reveal a bipolar character, and Weis and collaborators concluded that
the nebula around HR Car may be an older twin of the Homunculus [60, 68]. It is
larger in size but is expanding slower with a kinematic age of 4000–9000 years.

The characteristics and appearance of each LBV nebula therefore depend on the
history of its stellar wind, eruptions, the interstellar medium, stellar rotation, and
possible (magneto-)hydrodynamic instabilities.

4For nebulae with a distinct inner and outer section both values are given and are separated with
a slash. The maximum size is either the largest diameter measured if spherical or the major and
minor axes. For hourglass shaped bipolar nebulae, the radius and expansion velocities (marked
with ∗) refer to just one lobe. Adapted from Weis [60, 62].
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8.5.2 Extended Outer Ejecta

Three LBVs or giant eruption LBVs show evidence for extended ejecta from
possible earlier eruptions or nebulosity similar to η Car’s outer ejecta, that is,
extended over a larger region, compared with the size of their inner nebulae.

8.5.2.1 P Cygni

P Cygni is famous for its brightening in the early 1600s and may be an example
of a giant eruption similar to that of η Car [25, 49]. Meaburn and his associates
[28, 29, 34–37] have identified three separate extended nebulae associated with
P Cyg; the inner shell with a diameter of 0.2 pc (v = 110–140 km/s), the outer
shell at 0.84 pc (v = 160–180 km/s) and the giant lobe wich was traced out to
7′corresponding to a linear extent of about 4 pc (v = 80–130 km/s) from P Cyg.
The kinematic age of the inner shell is of the right order to match its eruption in the
1600s, assuming small deceleration. The age of the outer shell is about a factor of
3 larger, it is either an older event (ejection or wind phase) or has been significantly
slowed down. Considering its dynamical age of 5 104 years, the giant lobe may not
have been formed during the LBV phase, depending on its duration. Since the lobe
is visible in [O III] images it is most likely an interstellar bubble created by P Cyg’s
former O star phase and not an circumstellar nebula containing CNO processed
material (which would be depleted in oxygen).

8.5.2.2 HR Car

As mentioned earlier the nebula around HR Car may be an older bipolar, evolved
twin of the Homunculus. It is therefore natural to ask about a possible outer ejecta
around HR Car. Images of its larger environment show the presence of nebulosity
to the north-west (see left panel in Fig. 8.6, Figs. 1 and 2 in Weis et al. [68], and
Nota et al. [41]). The extended nebula has a conical (partially elliptical) shape
and becomes extremely narrow at the north-western end where it merges with a
structure called the funnel. So far no counterpart in the south-east has been detected,
otherwise this outer nebula would have a bipolar structure. The orientation of the
north-western cone and funnel however is perfectly aligned with the bipolar axis of
the inner nebula. The image shown in Fig. 8.6 (left) is a composite of two fields (Hα )
observed with the 0.9 m CTIO telescope. In the center (round subsection) an image
made with ESO/NTT (and a coronograph) shows the bipolar inner nebula in more
detail (the NTT image is also shown in Fig. 8.5). The inner bipolar nebula is about
1.3× 0.65 pc and is expanding with 75–150 km/s. The outer nebula lies at a distance
between 3 and 4.5 pc from HR Car. This is roughly the same size as the largest
LBV nebula detected so far (Sk−69◦279 see Table 8.3). Kinematic analysis of the
southern most parts of the outer nebula indicate that it is slowly expanding with
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Fig. 8.6 Left: A composite of three images of the region around the LBV HR Carinae. In the center
the (round) subset shows the bipolar LBV nebula. On larger scale an elliptically shaped nebular
emission is detected to the north-west which is topped with a narrow funnel shaped structure [68].
Right: Two Hα images of the nebula around the LBV AG Carinae are superimposed. A short
exposure shows the inner nearly boxy like nebula. A longer exposure reveals the much larger
fainter nebula, extending mainly to the north(-east) (Image taken from Weis [65])

a detected line split of 20 km/s. The true deprojected expansion velocity might be
much higher if the outer nebula is (as the images indicate) expanding preferentially
in the plane of the sky towards the north-west. Depending on the inclination, the
kinematic age could be between several 1,000 years and 10,000–20,000 years old.
The [N II]λ 6583Å/Hα ratio of the outer nebula is similar to that of the expanding
lobes, but a factor of 2–3 lower than found in several knots of the inner nebula. The
results are compatible with the outer nebula having formed either during the main
sequence phase or the onset of the LBV phase.

8.5.2.3 AG Car

Images of the nebula around AG Car (Fig. 8.6) suggest an appearance not unlike
that of two boxes stacked on top of each other with a size of 0.87× 1.16 pc. Much
deeper ground based image of AG Car however reveal a larger nebula with fainter
outer emission extending to a total maximum size of 1.4× 2 pc [65, 66]. A faint
conical emission to the north, dubbed the cone, is detectable beginning from a
small arm-like structure to the north-west. The outer emission, including the cone
has the same [N II]λ 6583Å/Hα ratio (indicative of CNO processed material) as the
brighter part of the nebula, supporting a LBV phase origin. Kinematic analyses of
the AG Car nebula furthermore demonstrated that the ‘stacked boxes’ expand in
opposite directions. A redshifted and a blueshifted shell can be identified projected
on top of each other with a slight shift of the blueshifed shell towards the southwest
(see the rim in Fig. 8.6). The fainter emission is simply an extension of the shell and
not a separate entity of the nebula. The expansion velocity (derived from the Doppler
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ellipses) of each of the shell is about 30 km/s. This clearly identifies the nebula
as bipolar, with two shells like the Homuculus. The cone is not an outer outflow
emission or nebula rather a slightly faster moving section of the redshifted shell.

8.6 Summary and Conclusions

η Car’s outer ejecta is the largest structure attributed to a major ejection or eruption
in its recent history. Its nitrogen enriched material is strong evidence for CNO
processed elements in the outer ejecta brought to the surface and peeled off or
violently ejected. The outer ejecta is more like a conglomerate of individual smaller
structures, not a coherent circumstellar shell. It therefore requires either a very rapid
and efficient fragmentation within the nebula or a creation mechanism which favors
the ejection of clumps. Its probable origin in the early nineteenth century together
with Walborn’s [56] images which showed its clumpy character only 130 years later,
makes formation of the outer ejecta by fragmentation of an expanding shell seem
unlikely. Its morphology, high velocities and large velocity dispersion of individual
structures, and the X-ray emission formed through shocks, support its creation in a
more explosive event, during which several outer layers of the star’s surface were
ejected. The Homunculus, a more well-defined, dusty and denser nebula, would then
be attributed to material from deeper layers expelled during the outburst. The highly
filamentary, clumped structure is the outstanding characteristic of the outer ejecta,
and is not observed in any of the other nebulae associated with LBVs.
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Chapter 9
X-ray Variability and the Secondary Star

M.F. Corcoran and K. Ishibashi

Abstract We discuss the history of X-ray observations of the η Car system,
concentrating on the periodic variability discovered in the 1990s. We discuss
the interpretation of these variations, concentrating on a model of the system
as a “colliding-wind” binary. This interpretation allows the physical and orbital
parameters of η Car and its companion star to be constrained.

9.1 The 5.5 Year Period

Periodic variability is a key diagnostic in astrophysics. Astronomers long sought
periodicities in η Car’s behavior ever since its giant eruption [27]. Before 1870
Rudolf Wolf and Elias Loomis suggested photometric cycles of 46 and 67 years,
respectively [45, 60, 99]; a century later Payne-Gaposchkin proposed a cycle of 15–
16 years [73], and Feinstein and Marraco suspected a 3-year periodicity [35]. The
complex behavior of the observed variations from η Car in broad-band photometry
and in spectrographic observations made determination of the true period difficult.

The discovery of η Car’s first confirmed period depended on observations
spanning 20 years or more. This began with the recognition of a so-called
“spectroscopic event” by Zanella, Wolf and Stahl in 1981 [95, 100]. These “events”
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represent a dramatic and complex change in η Car’s visible-band spectrum in
which high-excitation He I and [Ne III] emission lines abruptly fade, then recover.
Similar changes happened in 1948 and 1965, which suggested to them a recurrence
timescale of 17 years [100]. They were on the right track, but did not know that
other such events had occurred (as we deduce today) in 1953, 1959, 1970, and
1975. Near-infrared photometry from South Africa obtained by Patricia Whitelock
and her collaborators [96] over 156 nights in 1975–1994 showed a significant 5–6
year cycle, but this cycle was confused with other near-infrared variations on other
timescales. Meanwhile new spectroscopic events occurred in 1986 and in 1992,
though the former was not widely reported.

The breakthrough was provided by a set of 27 measurements of the He I 10830Å
emission line obtained by Augusto Damineli at Brazil’s National Astrophysical
Laboratory. These observations, augmented by four additional measures from other
observers from 1981 to 1995, showed a clear, rapid weakening of this He I line
every 5.5 years, lasting only for a few weeks (a duty cycle of <5%). Damineli
showed [16] the fading of the He I 10830 line occurred at nearly the same time as
brightening of the system in the near IR, and that the 5.5 year period recovered not
only the “spectroscopic event” seen by Zanella, Wolf and Stahl in 1981, but other
“spectroscopic events” observed in the previous 50 years. Damineli successfully
predicted the occurrence of the next minimum at the end of 1997.

Thanks to multi-wavelength observations of η Car during the subsequent minima
in December 1997 and June 2003, we know that the fading occurs throughout nearly
the entire electromagnetic spectrum from the radio through the IR, optical, UV
and X-ray region (the situation in the Gamma-ray band is less clear). The period
is almost exactly the same in every wavelength region [21]. Detailed monitoring
observations since 1997 have refined the period to 2,024 days (5.54 year) with
an uncertainty that appears to be no more than a week and may be as small as
±2 days [20].

What regulates the cycle? Following Zanella et al., Damineli initially supposed
that each spectroscopic event is a single-star “shell ejection”, a temporary large
increase in the stellar mass-loss rate, reminiscent of phenomena seen in S Dor
variables and Luminous Blue Variable stars (see, e.g., [46]). But η Car’s variability
cycle is too long to represent a pulsation or rotation period, since those periods
should be only days or weeks. A thermal/rotational recovery cycle could have a
timescale of several years [26], but this seems unlikely to produce so regular a
period. The He I 10830 variation seems strictly periodic and strongly suggests
a simple clocklike explanation: a companion star in orbit around η Car. If the
5.54 year period is assumed to be the orbital period of the system, the high total
mass (probably 150–200 M�) implies a semi-major axis close to 17 AU. The short
duty cycle implies that the phenomenon occurs near periastron passage in a highly
eccentric orbit. Proposed orbits [17, 18, 22, 23, 28, 29, 50] are mostly comparable in
size and shape to the orbit of Halley’s Comet.

But the UV-to-IR emission regions include both the wind of η Car and the
detritus of the eruptions from the nineteenth century and are spatially complex.
Emission from one region may be absorbed by cold gas in another. Dense clouds
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may shadow one parcel of gas from the photospheric radiation but not its neighbor.
More distant gas reacts more slowly to changes in the inner system because of
light-travel time, which may be days or even weeks. These complications make
interpreting the spectrum at these wavelengths difficult.

A binary system composed of luminous stars must produce significant amounts
of X-ray emission resulting from the high speed collision of the massive stellar
winds [5,76] which constantly flow off the stellar surfaces. This wind-wind collision
will produce a “bow shock” where the wind kinetic energy is converted to thermal
energy which radiates mostly in the X-ray band (as discussed below). Such emission
is an important probe of massive binaries since it originates in a localized region
(defined by system parameters like the separation between the two stars and the
relative mass loss rates and wind speeds), and it penetrates through large columns
of intervening cold material. What do X-ray observations tell us about η Car?

9.2 X-ray Emission and Variability

Studies of X-ray emission from η Car go back 30 years or more, nearly to the
beginning of X-ray astronomy. The earliest data were obtained by non-imaging
detectors with fields of view defined by collimators, flown on rockets or orbiting
platforms [36, 39, 42, 69, 78]. They established η Car as a source of X-rays at
energies E > 5 keV, and detected iron K-line emission at 6.7 keV. They also provided
hints of variability [56], though direct comparisons of X-ray flux were hampered by
differences in instrumentation (fields of view, sensitivities, etc.).

Today we know that many X-ray sources, both discrete and diffuse, exist near η
Car, so it was not until the advent of imaging X-ray telescopes that X-ray emission
from η Car could be cleanly disentangled from this contamination. The first X-ray
images of η Car and the Carina Nebula were obtained in the early 1980s with
the HEAO-2/Einstein satellite observatory [6, 77, 79]. Those observations showed
that at energies above 3 keV, η Car was the only source visible in the field. They
showed that X-ray emission from η Car consists of at least two components: an
extended (∼20′′) “soft” (E < 1 keV) component (likely produced by the collision of
material from the 1840s eruption with interstellar material) surrounding a point-like,
“hard” (E > 3 keV) heavily absorbed component centered on the optical position
of η Car. This “point-like” component has a temperature of 4− 8× 107 K and its
X-ray emission is absorbed by intervening material having a column density of
5− 50× 1022 atoms cm−2 [6, 13, 40]. The observed luminosity of the hard, point-
like source measured by Einstein (adjusted to the current best estimated distance of
2,300 pc) was ≈4× 1033 ergs s−1 in the 0.2–4 keV band; correcting for absorption,
the luminosity of the source is about 2×1034 erg s−1. While these observations were
key to establishing the overall character of the high-energy X-ray emission from
η Car, these relatively short “snapshots” could not really address issues of temporal
variability.

Figure 9.1 shows a Hubble Space Telescope image of η Car and the Homunculus
nebula superimposed on a more recent X-ray image from the Chandra X-ray
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Fig. 9.1 η Car in X-rays. The upper figure shows an X-ray image from the Chandra X-ray
observatory (in green) combined with an optical image from the Hubble Space Telescope (in red).
The unresolved white point source at the center of the image, at the position of the optical star, is
the source of hard X-ray emissions. The lower figure shows five Chandra ACIS-I images of η Car,
highlighting the variation of the central pointlike source. The streaks at various angles to the central
source are detector artifacts

Observatory. This image clearly shows the extended “shell” of X-ray emission
first seen by Einstein surrounding the Homunculus along with the point-like X-ray
emission coincident with the optical position of the star. The point-like, hard
emission was initially interpreted [6, 77] as the collision of a fast wind from η Car
with a circumstellar “shell” about 1,000 AU from the star. As we shall see, the
temperature of the emission requires a wind velocity of 2,000–3,000km s−1 or more
if it’s solely produced by conversion of the wind kinetic energy to heat. This is
about four times faster than η Car’s bulk wind seen in visual-wavelength spectra
– a highly signficant point in retrospect, though it was not emphasized at the time
of the Einstein observations. The X-ray absorbing column depth was thought to be
consistent with absorption in a three solar mass cold shell, roughly agreeing with
what was known of the mass of the Homunculus at that time.

9.2.1 Discovery of X-ray Variability

X-ray variability of η Car was first detected by the ROSAT X-ray observatory in
short observations obtained in 1992–1993 analyzed by G. L. Rawley. She showed
that the central source was not visible in June and August of 1992 at energies above
2 keV, but was clearly detected in January 1993 [8]. The flux above 2 keV varied by
a factor of 2 in a 4-month interval, requiring a tripling of the mass-loss rate if the
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Fig. 9.2 The RXTE X-ray “lightcurve” of η Car at energies above 2 keV and below 10 keV, as
measured by the PCA on RXTE. Three X-ray minima can be clearly seen near phases 0.0, 1.0 and
2.0. The “flat” bottom of the X-ray minimum seen by RXTE is produced when the X-ray flux from
η Car falls below the cosmic background level (shown by the horizontal dashed line). The blue
and red lines show the RXTE measures offset by 2,024 and 4,048 days, respectively (Adapted from
Corcoran et al. [15])

X-rays were produced by collision of the wind with a circumstellar shell. However,
variations in the temperature of the emission or changes in the intervening absorbing
medium could not be ruled out.

Luck often plays a role in astronomical discovery; the mid-1992 ROSAT observa-
tions just happened to coincide with one of the spectroscopic events, and to coincide
with the first observations of the star [33] by the radio telescopes of the Australia
Telescope National Facility. At the same time η Car faded in the hard X-ray band,
it also faded in the radio [33], but brightened in the near-IR [16,96]. Thus, when the
5.5-year period was identified by Damineli shortly thereafter, an obvious question
was whether X-ray variability was another aspect of the same cycle.

9.2.2 The X-ray Variability Cycle

Monitoring observations with the Proportional Counter Array (PCA) on the Rossi
X-ray Timing Explorer (RXTE) [4] provided the next X-ray breakthrough. Unlike
other X-ray observatories, RXTE can view η Car at any time of the year making
it a near-ideal instrument to study the variability of the 2–10 keV flux. RXTE
observations of η Car began in February 1996 and have continued through 2009
[7, 53]. Typically RXTE obtained 2–4 observations of η Car per month, with daily
observations during important intervals. The RXTE X-ray count rates vs. time are
shown in Fig. 9.2.
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The RXTE observations show the important temporal signatures of the
2,024-day X-ray variability cycle. For about 4 years out of the 5.5 year cycle,
the 2–10 keV X-ray luminosity is in a “quiescent” state, relatively constant at a
level of ∼4× 1034 ergs s−1, but with erratic small-amplitude variations. About a
year before the fading of the He I 10830 line, both the intensity and the irregular
variability progressively grow, and we see conspicuous X-ray “flares” with durations
of weeks or days, typically 2 or 3 months apart. At the end of this phase, the average
X-ray luminosity in the 2–10 keV band has roughly doubled to reach a maximum
luminosity of ≈1035 ergs s−1, while the interval between flare peaks drops to less
than 1 month. About 40 days after reaching its maximum, the emission swiftly (with
a few weeks) falls to a level below RXTE’s detectability. This rapid decline occurs
along with similarly rapid fadings of the He I 10830 line strength [21] and the IR
brightness [97]. The X-ray emission usually remains in this “low state” for about
3 months. At this time the X-ray intensity is lower than or near the cosmic X-ray
background in the ∼1◦ PCA field of view, though η Car is still detectable throughout
the minimum by other X-ray observatories with sufficient spatial sensitivity [14,40]
at luminosities ranging from ∼6×1032 ergs s−1 to 5×1033 ergs s−1 near the end of
the minimum [40]. At the end of the low state the X-ray intensity rises rapidly to the
“quiescent” level.

X-ray spectra of η Car show that the observable emission associated with the
star is mostly in the 2–10 keV band, corresponding to a temperature range T = E/k
of roughly 20–110 million K. The PCA spectra show little flux above 10 keV at any
phase. Near X-ray minimum, the observed emission declines more at lower energies
showing the build up of circumstellar absorption, and the spectrum remains quite
hard for an extended period even after the minimum ends.

9.3 Colliding Wind Emission as a Diagnostic of Massive
Binary Systems

If the pan-chromatic periodicity is produced by the orbit of a companion star around
η Car (as seems likely) then this offers the unique opportunity to dynamically
measure the mass of a star near the Eddington Limit using conventional binary-star
radial velocity analysis. Unfortunately attempts to solve the radial velocity curves
of observable emission lines in the UV-to-IR [17, 19, 22, 30, 68] have not given
trustworthy orbital elements, mostly because these lines are formed in a spatially
complex mass flow and consequently are broad, asymmetric, variable, and highly
model-dependent. For this reason, the X-ray variability, produced by the orbit-
driven variation in the wind-wind collision zone, provides a very useful (though
indirect) diagnostic of the orbit. We briefly review the physics of X-ray generation
in colliding wind binaries to see why this is so.

Colliding wind binaries (CWBs) produce thermal X-rays in the strong shock
where the stellar winds collide. The relevant geometry is crudely sketched in
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Fig. 9.3 A sketch of the η Car colliding wind binary system. Winds from two stars flowing
radially from the stellar surface collide and form shocks separated by a contact discontinuity. In this
simple model, the shocked gas forms two curved shock fronts between which the heated plasma
flows out along the contact discontinuity. Temperatures on either side of the contact discontinuity
are determined by the velocities of the stellar winds just before the collision

Fig. 9.3. The shock is concave toward the star with the “weaker” wind, i.e. the star
with the lower wind momentum flux. The vertex of this shock, where the winds
collide head-on close to the line of centers, is the “stagnation point” where the
winds are fully decelerated. In the idealized case a contact discontinuity separates
the shocked stellar winds from the primary star on one side and secondary star
on the other. The temperature of the shocked gas on each side of the contact
discontinuity is to first order determined by the pre-shock velocity of the stellar
wind from the star on that side. This is important for η Car since the wind speed
of η Car itself is only ∼500 km s−1, which would produce only soft X-rays which
would be unobservable due to heavy absorption by the cold gas in the Homunculus.
The fact that hard X-rays are observed from η Car indicates the presence of a fast
flow in the system. The main X-ray emission processes are thermal Bremsstrahlung
from hot electrons, and inner-shell (K, L, M) transitions in nearly stripped ions.
Standard examples of CWBs are HD 193793/WR 140, γ2 Velorum, and HD 5980 in
the SMC [67, 75, 98]. These massive binaries have observed X-ray luminosities in
the range 1032–1036 ergs s−1 ≈0.02–300 L�, varying on orbital timescales. Though
large, these luminosities are of course only a millionth or so of the immense stellar
bolometric luminosity.

Theoretical descriptions of X-ray emission from wind-wind collisions in massive
binaries go back to the 1970s, and the details can be quite complex [5, 76]. The
essential behavior, however, can be roughly described by the following order-of-
magnitude analysis by K. Davidson (private communication, 1999). Shocked gas
cools by expansion and by emission of radiation as it flows outward away from the
stagnation point. Characteristic flow speeds in that region should be comparable to
the isothermal sound speed w = (P/ρ)1/2 ∝ T 1/2. Based on Fig. 9.3, we also expect
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the lateral radius of the hottest region to be similar to d2, the distance between the
secondary star and the stagnation point. Therefore the expansion cooling time is

texp ≈ d2

w
≈ d2

(104 cm s−1 K−1/2) T 1/2
. (9.1)

Meanwhile the radiative cooling time is approximately the thermal energy per unit
volume divided by the Bremsstrahlung emission rate per unit volume:

trad ≈ 3nekT

AT 1/2n2
e
≈ CT 1/2

ne
, (9.2)

where ne is electron density, A ≈ 10−27 erg cm3 s−1 K−1/2, and C ≈ 1011.5 cm−3 s
K−1/2. Thus

texp

trad
≈ (10−15.5 cm2 K)

ne d2

T
. (9.3)

We can relate T and ne in the hot shocked gas to the speed and mass loss rate in
the secondary wind. According to the Rankine-Hugoniot adiabatic jump conditions
across a shock [58,80], the maximum speed of sound and maximum temperature at
the shock front are

wmax = (3/16)1/2 v and Tmax =
μmH

k
w2

max , (9.4)

where v is the pre-shock wind velocity, mH is the proton mass and μ is between 0.6
and 1.0 for the expected range of chemical composition. If the relevant average T in
the above equations is half the maximum temperature, we find

T ≈ (107 K)

(
v

1,000 km s−1

)2

. (9.5)

As noted above, this is the reason why η Car’s primary wind does not produce
observable X-rays: its typical speeds (which, it turns out, are latitudinally dependent
[81]) of 200–1,000 km s−1 lead to average temperatures of only a few million K,
and the resulting soft X-rays (E < 0.7 keV) are absorbed by the large column
of gas (NH ∼ 5× 1022 cm−2) in the Homunculus nebula. The observed 2–10 keV
X-ray spectrum indicates T > 4× 107 K, which requires v > 2,000 km s−1. So far
as observable X-rays are concerned, η Car’s dense primary wind merely provides a
wall for the secondary wind to collide into.

The jump conditions across the shock require that ne in the shocked gas is
about four times as large as the electron density of the pre-shock wind. The pre-
shock density is related to the secondary star’s mass-loss rate by mass conservation:
Ṁ = 4π r2 ρ v. If the distance r from the secondary star to the shock is roughly equal
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to d2, and the pre-shock velocity of the secondary’s wind is v2, then the density in
the heated gas is

ne ≈ (1023.2 g−1) Ṁ2

d2
2 v2

. (9.6)

Substituting for ne and v2 in the earlier expression for texp/trad, we find

texp

trad
∼ 107

(
Ṁ2

M� year−1

) (
1 AU

d2

) (
106 K

T

)3/2

. (9.7)

Using Ṁ2 ∼ 10−5.5M� year−1 [74], d2 ∼ 1 AU near periastron, and T ∼ 5×107 K
(consistent with the observed 2–10 keV continuum), yields texp/trad ∼ 0.1. This
means that expansion dominates the total cooling rate but not by an enormous factor.

More formal and detailed analyses of colliding winds have been calculated
[74, 88, 92], but the essential physics is captured by the simple analysis above.
Numerical gas-dynamic simulations confirm our simplified reasoning in an order-
of-magnitude sense, though incipient instabilities cause the shocked region to
become spatially complex [74]. These detailed analyses suggest that the observed
X-ray spectrum of η Car requires v2 ≈ 3,000 km s−1 because of rapid cooling of the
hot gas [74].

If texp/trad � 1 radiative cooling dominates, and the shock structure becomes
unstable [88]. For η Car this is expected to occur near periastron in the shocked
primary-wind [74] on the left side of Fig. 9.3. In some proposed scenarios it
occurs on both sides of the contact discontinuity, so that both shocks collapse
near periastron [25, 61]. In this connection it is worth noting that here we have
ignored likely inhomogeneities, which may exist in the wind or may be caused by
shock instabilities. If the density is inhomogeneous, then the meaning of ne in the
expression for texp/trad becomes less obvious. On average, inhomogeneities tend to
increase the fraction of input energy that is radiated.

If the ratio ζ = texp/trad is small, then it approximately represents the efficiency
for conversion of the secondary wind’s kinetic energy to radiation. We noted above
that the observable X-rays (E > 1 keV) in a CWB model for η Car are powered by
the companion star’s fast wind, whose energy outflow rate is Ṁ2 v2

2/2. Consequently
the observed X-ray luminosity should obey these approximate proportionalities:

Lx ∝ ζ × Ṁ2 v2
2 ∝

Ṁ2

d2 T 3/2
× Ṁ2v2

2 ∝
Ṁ2

2

d2 v2
. (9.8)

assuming that a constant fraction of the wind encounters the shock.
A key point is the inverse dependence of Lx on d2; if the companion star follows

an eccentric orbit, then the varying distance modulates the X-ray luminosity such
that the intrinsic X-ray luminosity emitted by the shock is highest near periastron
and lowest at apastron. Therefore the modulated intrinsic X-ray luminosity can
in principle be used reconstruct the orbit by determining the stellar separation as
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a function of time. However it is often non-trivial to derive the intrinsic X-ray
luminosity from the observed luminosity, which includes the effects of variable
absorption from one (or both) of the highly structured stellar winds. If we exclude
the complicated interval near periastron, the apparent flux variation shown in
Fig. 9.2 is dominated by the combination of the 1/d2 variation of the intrinsic
flux and the phase-dependent absorption along our line of sight. These two effects
depend, in turn, on three classical binary-star parameters: (1) the inclination i of the
orbit plane, usually assumed close to 45◦, so that the orbital angular momentum is
co-linear with the bipolar axis of symmetry of the Homunculus nebula [31]; (2) the
orbit eccentricity e, which determines r(t); (3) the azimuthal orientation of the orbit,
specified by the longitude of periastron ω , customarily defined so that at periastron
the secondary star is moving away from us at ω = 180◦ and is on the far side of
the primary at ω = 270◦. As noted above, the intrinsic X-ray temperature can be
used to constrain the speed of one (or both) of the stellar winds. The intrinsic X-ray
temperature should vary little, because it depends chiefly on T and therefore on the
wind speed v2, which we expect to be more or less constant.

9.4 Modeling the RXTE X-ray Lightcurve of η Car

The first attempts [11, 52, 53, 86] to explain the RXTE X-ray lightcurve of η Car
with colliding wind models were reasonably encouraging. Simple analytic models
could describe the overall variation in X-ray flux and in NH and the observed
constancy of temperature T with plausible assumptions about the stellar winds,
component masses and orbital inclination. The abrupt change from X-ray maximum
to minimum is suggestive of an eclipse of the X-ray source region by the primary
star’s wind, so these first attempts assumed that the X-ray minimum was due entirely
to an increase in absorbing column NH , using simple, one-dimensional, spherically
symmetric wind models. Since the duty cycle of the X-ray “eclipse” is so small,
it is very likely that the X-ray minimum occurs near periastron, when the stellar
separations and orbital geometry are changing most rapidly and column densities
should naturally be large as the X-ray source becomes surrounded by the thick inner
primary wind. These initial attempts required a high eccentricity (e ≈ 0.9, similar
to the eccentricity of WR 140) and were consistent with an orientation in which the
companion star is in front of the primary near apastron and behind at periastron.
However, because the orbital geometry changes so rapidly around periastron, the
duration of the X-ray minimum in these simple “eclipse” models was always far
shorter than the observed duration. There are many modifications possible to correct
this, among them:

• The parameters i and ω can be altered [23, 25, 50, 70];
• Tidal and other effects may suddenly increase the primary wind’s density near

periastron [12, 22, 23, 61, 81];
• The large-scale structure of the primary wind is not spherical [81];
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• The orientation of the shock structure may be significantly distorted by orbital
motion [70, 74];

• Radiative cooling may destabilize the shock near periastron, possibly causing a
general disruption or collapse of the X-ray source region [25, 61];

• And other effects [37,82,83,87], including radiative inhibition of the winds near
periastron [72].

Most of these possibilities are not mutually exclusive; some of them appear quite
likely, several may occur together, and some can reinforce each other (Fig. 9.4).

Throughout the cycle the observed X-ray flux depends critically on absorption
in the intervening part of the dense primary wind; NH obviously varies with phase
in the orbit. The wind geometry is complex, since the secondary wind produces a
cavity on one side of the primary wind and orbital motion affects the cavity’s ori-
entation and shape. Analysis of the X-ray spectrum near the mid-point of the cycle
[74] (i.e. near apastron in the orbit) showed that the velocity of the companion’s
wind is ≈3,000 km s−1, while its wind mass-loss rate is ≈10−5 M� year−1. Recent
efforts to model η Car’s colliding winds with gas-dynamic simulations [70, 72, 74]
attempt to account for variations in the large-scale wind geometry. Dynamical
wind models [71] and smoothed-particle simulations [70] show the distortion of
the wind by the secondary star’s orbital motion. Figure 9.5, for instance, shows a
smoothed-particle model of the wind-wind interaction at a number of orbital phases
[70]. A post-periastron buildup of material on the forward-facing shock surface
causes extra absorption that extends the eclipse. Thus a pure eclipse model with
suitable parameters can account for the duration of the X-ray minimum [70,74], but
apparently only if the X-ray emitting region is small. If the X-ray emitting region
is extended, the eclipse model has difficulty reproducing the extended duration of
the X-ray minimum [72]. This does not disprove the complications and alternative
models listed above, however; observations in other wavelength regions, beyond
the scope of this review, are harder to explain than the X-ray minimum [61]. In
summary, at phases of the cycle not near periastron, i.e., not during a spectroscopic
event, the models cited above are probably realistic in a semi-quantitative sense.
They may be valid near periastron as well, but the complexity of the situation there
makes this difficult to establish.

Altogether, then, one can attempt to fit most of the X-ray “light curve” with just
two orbital parameters, e and ω , and the mass-loss rate and terminal velocity of the
companion star’s wind. In 2000 Ishibashi estimated e ≈ 0.8 and ω ≈ 200◦ by this
method [50]. Implicitly using the same dependences, more elaborate calculations
by Okazaki have led to e ≈ 0.9 and ω ≈ 243◦ [70]. Thus, if the reasoning is
valid, periastron occurs 20– 70◦ before “superior conjunction” (the point where the
secondary star is most nearly on the far side of the primary). Orientations in which
the companion star is in front of η Car at periastron have also been suggested [34],
but these require either a very large buildup of absorbing material behind the X-ray
source or a dramatic change in the shock emissivity near periastron passage.



206 M.F. Corcoran and K. Ishibashi

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5 1.6

10

20

30

0

RXTE Orbit 1 vs. Best−fit Model

Phase

co
un

ts
/s

Orbit 1
Model

Fig. 9.4 Modeling the RXTE X-ray lightcurve of η Car. Top: The solid blue line shows an estimate
[53] of the X-ray light curve using an analytical model [92] with published orbital parameters [17],
assuming that the X-rays originate from a point near the apex of the shock cone. The dotted red line
shows the results of the same analytic model based on more recently published orbital elements
[70]. Middle: Variations in column depth NH to the X-ray source along with the model variation
[53]. Line colors are as above. Bottom: X-ray lightcurve (black) and model (red) based on a 3-D
smoothed particle hydrodynamics model [70] which better accounts for the variation in column
depth from the wind of the primary and successfully recovers the depth and duration of the X-ray
minimum. None of the models account for observed cycle-to-cycle changes (The two upper panels
are adapted from Ishibashi et al. [53], and the lower panel is from Okazaki et al. [70])
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Fig. 9.5 Possible orbit of companion star. The orbit has an eccentricity e = 0.9 with semi-major
axis a ≈ 15 AU. Dots along the orbit show CHANDRA (CXO) observations, while images show the
projected density in the orbital plane of the interacting winds of η Car (high density; yellow-red)
and the companion (lower density, blue-black) in one type of 3-d model [70]. The curved arrowed
line shows the best guess of the orientation of the line of sight projected onto the orbital plane

9.5 Dynamics of the X-ray Emitting Region

Thermal colliding-wind emission is rich in X-ray lines [91] that provide information
on flow dynamics (via line widths and velocities), abundances (from line strengths)
and temperatures and densities (from line ratios). The strongest lines are K-shell
transitions in hydrogen-like and helium-like ions. In the case of η Car’s wind, the
observable X-ray features are broad lines of Si XIII, Si XIV, S XV, and S XVI,
and Fe XXV at higher energies [41]. The implied elemental abundance ratios
appear to be near solar [10, 41], which is not surprising since neither η Car nor
its companion star is thought to be evolved enough to show enhanced silicon, sulfur
or iron abundances at the surface. Unfortunately the carbon, nitrogen, and oxygen
abundances, which help trace the evolutionary state of the system, are all at energies
below 1 keV and so cannot be studied this way because of circumstellar absorption.

Observations in 2000–2003 with the transmission gratings on the CHANDRA
X-ray telescope have resolved the broad lines and show that they apparently vary
with phase in the 5.5-year cycle [41]. Near times of X-ray minimum these lines
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shift to increasingly negative Doppler velocities while their profiles become broader
and more distorted [3, 41]. Interpretations of these changes are controversial. The
observed variations may represent changes in the spatial distribution of the hot
shocked gas [41], or perhaps the appearance of an additional outflow in the system
[3]. So far only a single cycle has been observed so it’s not clear if these changes
are secular or phase-dependent.

The spectrum also shows a 6.4 keV K-shell line of less ionized species of iron
[10, 13, 40]. This is presumably fluorescence produced as the main X-ray emission
passes through “cold” iron rich material, either in the wind of η Car or in the
Homunculus. The fluorescence line is broad, suggesting that at least part of it
originates in fluoresced material in η Car’s wind. During the minimum the line
increases in equivalent width, but the measured increase is rather modest, which may
mean either that the scattering zone is compact enough to be heavily obscured at that
time, or else that the intrinsic X-ray emission actually declines during minimum.

Thomson-reflected X-rays from the Homunculus have been resolved in CHAN-
DRA images during the minimum when the direct X-rays are weak [14]. Such
observations are important since X-ray reflection could (in principle) provide us
with a 3-D view of the cold absorbing wind material as a function of orbital phase.
Light travel time delays are a complication, since light travel time for the reflected
X-rays may be as much as 80 days towards the back-projected northwest lobe.

9.6 The X-ray Spectrum During the Minimum

The best measures of the X-ray spectrum during the 2003 minimum used the XMM-
Newton and CHANDRA X-ray observatories [14,40,41]. XMM’s imaging detectors
provide sufficient spatial resolution to exclude sources unrelated to η Car, while
spectral imaging with CHANDRA resolved the source even from contamination
by the Homunculus and outer ejecta. These observations [40] confirmed that the
apparent X-ray flux decreased even at 10 keV, requiring either a column density
NH � 1025 cm−2 lasting for 2 months or more or else a real decrease in the intrinsic
hard X-ray emission. Meanwhile, analyses of the XMM spectra [40] suggested that
the relevant average column density increased by only a factor of 5–10 during the
minimum, reaching a maximum of roughly 4× 1023 cm−2. This was not sufficient
to explain the observed hard X-ray decrease. Either the analysis underestimated the
maximum NH , or else the intrinsic X-ray production considerably decreased, i.e. the
event was not merely an eclipse [23, 29, 100].

During the minimum the hard X-ray flux varied strongly in timescales of days
but not hours [40]; this seems reasonable if the lateral scale size of the emitting
region was of the order of 1 AU at that time. The minimum apparent flux in the
2–10 keV band was only 0.7% of the maximum seen by RXTE. The slope of the
X-ray continuum above 5 keV does not vary much, indicating that the electron
temperature of the hottest plasma does not vary significantly at any phase. The X-ray
emission seemed to show two states [40] during the minimum: first a “deep” state
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at the start of the minimum, in which the entire 2–10 keV flux was reduced, and
then a “shallow” state beginning about midway through the minimum, when the
6− 10 keV emission increased and then remained constant for a brief period while
the E < 6 keV emission continued to increase as the column density decreases.

The 2003 minimum also revealed a previously hidden “central constant emission”
component of X-rays [40]. This dominated the system brightness at energies
E < 2 keV during the minimum, with an intrinsic X-ray luminosity of∼1034 ergs s−1

in the 0.1–10 keV band. Its origin is unknown; if thermal, the observed temperature
implies a flow velocity of 1,000–2,000km s−1. It may represent the interaction
of η Car’s polar wind with nearby structures, perhaps the “Little Homunculus”
[54] (though it’s not clear that the Little Homunculus would survive any such
collision for long); or it might be emission produced by outflowing shocked plasma
interacting with cooler circumstellar material. It might also be intrinsic emission
produced by shocks distributed in one of the stellar winds.

9.7 The Companion Star

To date, there has been no generally accepted direct detection of the secondary star,1

but for reasons noted below this is not surprising. In the absence of direct UV-to-
IR information, the X-ray data provide perhaps the most useful (though indirect)
constraints on its physical parameters.

First, even if we were unaware of the minima and the 5.5-year cycle, the X-
rays strongly suggest that η Car has a companion star. The average X-ray to
total luminosity ratio, LX/Lbol ∼ 5× 10−6, is very high for an evolved massive
star, probably indicating that some sort of companion object is needed to help
generate the X-rays. There’s significant flux at high photon energies E > 5 keV,
and such hard X-ray emission in evolved massive stars is almost unknown except in
magnetized objects (whose X-rays vary on short rotational time scales) and binaries.

In a colliding-wind model, the X-ray temperature indicates the pre-shock speed
of the wind; η Car’s X-ray temperature requires a wind speed of about 3,000 km s−1

[23, 74]. This is far higher than speeds observed in the primary wind. Indeed
it is near the upper limit of wind speeds observed for any massive stars. For a
radiatively driven wind from a hot (Tphot > 21,000 K) massive star the wind terminal
velocity is related to the photospheric escape speed Vesc as V∞ ≈ 3×Vesc [1, 57],
so that a terminal speed of 3000 km s−1 corresponds to a photospheric escape
velocity of roughly 1000 km s−1. For a massive, luminous star the escape velocity
is modified from the usual relation to account for acceleration due to radiation

1 Iping et al. asserted that certain variable emission features in the 905–1180 Å wavelength range
were directly associated with the secondary wind [48]. This may be true but it is controversial
[44,61,81]. The reported features were much narrower than one would expect for the fast secondary
wind, and in some models they can originate in the primary wind. The wind velocities derived by
Iping et al. were also about a factor of 2–3 too low to produce the colliding wind X-ray emission.
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pressure on electrons: Vesc =
√

2GM(1−Γ )/R, where M and R are the mass and
radius of the star, and Γ the ratio of radiative Thomson acceleration to gravitational
acceleration [57].

In order to produce the observed X-ray luminosity, the same models show that
the wind mass loss rate of the secondary star must be Ṁ2 ∼ 10−5 M� year−1. This
is exceptionally high for an O-type star, but seems marginally allowable for an
object above 40 M�. The determination of Ṁ2 is rather complex, depending on the
poorly-constrained cooling ratio texp/trad discussed in Sect. 9.3 above. For example,
inhomogeneities in the wind might increase texp/trad. It’s possible that improved
models can attain the observed X-ray luminosity with a smaller value of Ṁ2.

In a “least surprising” evolutionary picture, one expects the companion object
to be an early- or mid-O type star. Being less massive than η Car it should
be less evolved and therefore near the main sequence. A mid-O spectral type
with Teff ∼ 35,000 K would account for the photoionization seen in the ejecta
[23, 24, 29, 43, 47, 48]. Thus the most straightforward and most probable type of
companion is a fairly “normal” star in the 30–60 M� mass range, though other
possibilities can be devised. Other indirect arguments based on photoionization of
circumstellar clouds by the UV flux from the companion star also point to a similar,
though perhaps somewhat more evolved, object [62, 93]. The recent analysis by
Mehner et al. [62] demonstrated that an O4–O6 giant with L ∼ 4× 105 L�, Teff ≈
39,000 K, and MZAMS 40–50 M� would fit the observed range of parameters quite
well. Such a star radiates mainly in the hard-to-observe far UV, should be less
than 3% as bright as the primary at near-UV to IR wavelengths, and produces no
spectral features that would be readily detected when superimposed on the complex
primary wind spectrum [44]. The lack of a direct detection of the companion is
therefore unsurprising. The only disquieting detail is the companion’s high mass-
loss rate required in some X-ray models, which might be viewed as evidence that
the companion is a Wolf-Rayet star instead of an unevolved O star – making the
system’s evolutionary status problematic. However, we noted above that the deduced
value of Ṁ2 is fairly uncertain.

9.8 Other Unresolved Issues

9.8.1 X-ray Flaring

The RXTE/PCA count rates (Fig. 9.2) show occasional brief maxima, which become
dramatic in the year before the X-ray minimum. Early in 1997 Ishibashi noticed that
the brightest X-ray “flares” tended to recur every 85 days [51]. This periodicity was
statistically doubtful, but it correctly predicted the next two major flares in July and
September 1997, and perhaps another in March 1998 after the X-ray minimum [52].

X-ray spectra show that they represent increased values of the volume emission
measure [9, 10, 49], though some hardening of the spectrum during flares has been
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noted [7, 40]. The evidence so far favors a change in the hot colliding-wind plasma
as the cause, rather than sporadic decreases in intervening absorption [9, 49]. The
physical mechanism producing the X-ray flaring is not understood. In a simple
qualitative model, localized density enhancements (clumps, or structured entities
such as co-rotating streams [66]) in the wind eventually encounter the wind-
wind shock and provide a brief increase in the amount of shocked X-ray emitting
material. The flow timescale through the shock is tflow ∼ a/vflow where a is a
characteristic size (thickness?) of the shocked region and vflow is presumably a
few hundred km s−1 based on the wind speeds, or roughly 0.1–0.4 AU per day.
The observed 10–30 day flare durations are consistent with emission-region sizes of
several AU [65].

The nature of the 85-day “quasi-period” is still not understood. A recurrence
timescale of 85 days seems reasonable for either rotation or pulsation of the primary
star; and in some models it might vary from cycle to cycle if each spectroscopic
event alters the star’s outermost structure [26]. But the interval between flare peaks
varies with X-ray cycle phase, decreasing to as little as 20 days just before X-ray
minimum, qualitatively consistent with expectations based on flow travel times [28]
(Fig. 9.6).

9.8.2 Cycle-to-Cycle Variations

X-ray monitoring also revealed significant variations in the average X-ray flux level
from cycle to cycle. Figures 9.2 and 9.7 shows RXTE count rates in the three
5.5-year cycles.The first and third cycles had very similar flux levels, but cycle 2 was
significantly brighter. In a standard colliding-wind model the flux depends solely on
orbital parameters, stellar mass-loss rates, and wind speeds (Sect. 9.3). Among these
the mass-loss rate is probably most likely to change without perceptibly affecting
the shape of the X-ray spectrum.

Cycle-to-cycle changes have also been observed in other wavelength bands. He I
10830Å emission showed a secular decrease for several cycles [16], centimeter-
wavelength radio fluxes have been brighter in 2004–2008 than they were in 1998–
2003 (S. White private communication, 2008), and the profiles of the extremely
bright Hα and Hβ emission lines conspicuously differed between the 1997 and
2003 events [32]. Altogether, these developments likely indicate some undiagnosed
change in the primary wind, although variations in other wavebands may be more
complicated to interpret because they can be heavily influenced by secular changes
in the Homunculus produced by expansion of the nebula and/or the creation or
destruction of dust.

The most recent X-ray minimum which began on 16 January 2009, Fig. 9.7,
was consistent with the phasings of the two previous minima. However, the X-ray
recovery began on 18 February 2009, 1 month earlier than expected based on the
duration of the two previous X-ray minima. During the 2009 recovery the X-ray
hardness increased markedly, similar to the spectral change which occurred at the
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Fig. 9.6 Timing of major and minor X-ray flares in 1997–1998 according to Ishibashi [49]

end of the previous two minima, although the maximum hardness observed in 2009
was less than the maximum observed after the previous recoveries. This implies
some fundamental change in the properties of the colliding wind emission. This
may involve a decline in η Car’s mass loss rate [15, 55, 63, 64],2 though changes in
the wind properties of the companion cannot be completely ruled out at this point.

2See Fig. 1.10 in the Chap. 1.
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Fig. 9.7 Comparison of three X-ray minima observed by RXTE. The start of the 2009 minimum
(16 January 2009) was consistent with the ephemeris derived from the previous two minima. The
bottom axis shows the Julian Day Number corresponding to the 2009 minimum. The X-ray flux
recovery occurred about 30 days early compared to recoveries from the previous two minima (From
Corcoran et al. [15])

9.8.3 The Cause of the X-ray Minimum

The X-ray minimum may be caused by an increase in the intervening absorption, a
decrease of the intrinsic emission, or both; in either case the maximum temperature
is observed to be fairly constant [40, 53]. All models so far agree that the event
happens near periastron and, if an eclipse plays a leading role, the eclipsing agent is
the primary wind and not the primary star itself.

But several pieces of the puzzle do not easily fit into a simple eclipse model.
The duration of the X-ray minimum is much longer than predicted in simple eclipse
models, though more realistic wind models do better jobs in matching the eclipse
duration [70,74]. If the X-ray minimum really occurs near periastron, simple models
suggest that the intrinsic X-ray luminosity should be in excess of 1035 ergs s−1 at
E > 5 keV at that time since Lx ∼ 1/d. As noted above, hiding high-energy emission
this bright requires an enormous wind column density which is about a factor of
100 higher than the observed column density. Another problem is that, during the
minimum, a fully hidden X-ray source should produce a fluorescence iron line with
an equivalent width about a factor of 6 larger than the observed value [40]. Also, the
X-ray minimum shows two distinct phases (a deep stage and a shallow stage) [40],
which is not expected in simple eclipse models.

Several non-eclipse ideas have been proposed. A spectroscopic event may be
the sporadic ejection of extra material by the primary star, perhaps triggered by the
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companion star’s close approach [12, 23, 61, 84, 100]. This causes various effects,
including a sudden rise of X-ray absorption. The latitudinal structure of the primary
wind may suddenly change, increasing the wind density at equatorial latitudes
where the secondary star is probably located [81]. Near periastron, the wind-wind
shocks may disintegrate, collapse, or at least become very complex because of
instabilities that arise when radiative cooling dominates [25,61]. This would destroy
most of the highest-temperature regions, thereby replacing the 2–10 keV emission
by unobservable soft X-rays. Breaking the shock apart by accretion of part of the
primary wind onto the companion star [83] could also reduce the colliding wind
emission near periastron. Near periastron, the secondary star might move into a
dense structure such as a disk around the primary. These possibilities are not all
mutually exclusive; in fact the first, second, or fifth of them would make the third
more likely. Nor are they inconsistent with an eclipse. Which, based on the likely
orbit orientation, is likely to begin shortly thereafter [61].

The near-constant slope of the continuum above 5 keV is evidence that the
highest temperatures are not reduced during periastron passage [40]. Finally, the
strange He II λ 4686 emission [61, 85], which peaked in a dramatic way during the
2003.5 event, seems directly pertinent to the X-rays for two reasons: it rose quickly
in brightness during exactly the time when the 2–10 keV brightness was fading, and
most likely it requires a remarkably increased flux of soft X-rays below 0.5 keV,
which of course cannot be observed directly [61].

9.9 Future Prospects

X-ray observations provide unique direct information on the mass flows in the
η Car system and indirect information about the system and stellar parameters.
The recent X-ray minimum in January 2009 has been observed by a fleet of
X-ray observatories including RXTE, CHANDRA, XMM, Swift and Suzaku with
a primary goal of constraining the flow dynamics and determining the nature of
the X-ray minimum. In the coming years high resolution X-ray spectra with X-ray
calorimeters on observatories like the Astro-H satellite [90] should resolve the He-
like iron K-line triplet at 6.7 keV for the first time and provide well-defined profiles
of the the H-like iron line near 7 keV. These observations will be important since the
high formation temperature of these lines mean that they must be formed near the
stagnation point of the wind-wind collision; thus the line centroids can in principle
be used to trace the orbit of the stagnation point, which can in turn be directly related
to the radial velocity curve of the companion. This would enable us to dynamically
constrain the system mass function and provide key answers about the evolution of
the binary. Resolving the He-like iron K line triplet also provides important density
and temperature diagnostics of the shocked gas near the stagnation point.

Even higher-energy images of hard X-ray and Gamma-ray emission from
η Car have recently been reported [2, 59, 89], using modern observatories like the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), the Italian-led
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Gamma-ray satellite observatory Astro-rivelatore Gamma a Immagini LEggero
(Agile), and the Fermi Gamma-Ray Space Telescope. As history shows, high-energy
high-spatial resolution observations are extremely important, and revolutionary
technology like the proposed space-based X-ray interferometer [38] which could
reach resolutions of micro-arcseconds at X-ray energies, holds out the hope of
directly measuring the geometry of the colliding wind shock as it moves around
the orbit.

These observations will provide much of the the crucial information (system
masses, stellar parameters) needed to fully understand the evolution of η Car.
Looking even further down the road, X-ray observations will play an important role
in understanding the eventual core-collapse of the star and the formation of a black
hole and its associated supernova remnant.
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Chapter 10
Eta Carinae and the Luminous Blue Variables

Jorick S. Vink

Abstract We evaluate the place of Eta Carinae (η Car) among the class of luminous
blue variables (LBVs) and show that the LBV phenomenon is not restricted to
extremely luminous objects like η Car, but extends luminosities as low as log
(L/L�)∼ 5.4 – corresponding to initial masses ∼25 M�, and final masses as low
as ∼10–15 M�. We present a census of S Doradus variability, and discuss basic
LBV properties, their mass-loss behavior, and whether at maximum light they
form pseudo-photospheres. We suggest that those objects that exhibit giant η Car-
type eruptions are most likely related to the more common type of S Doradus
variability. Alternative atmospheric models as well as sub-photospheric models for
the instability are presented, but the true nature of the LBV phenomenon remains
as yet elusive. We end with a discussion of the evolutionary status of LBVs –
highlighting recent indications that some LBVs may be in a direct pre-supernova
state, in contradiction to the standard paradigm for massive star evolution.

10.1 Introduction

Luminous Blue Variables (LBVs) are evolved, luminous hot stars that experience
eruptions or outbursts and episodes of enhanced mass loss. During outburst they
appear to make transits in the HR Diagram (HRD) from their normal hot quiescent
state to lower temperatures. The LBVs include a number of famous stars such as P
Cyg, S Dor, R127 and AG Car. Eta Car is often described as an LBV, although it is
a more extreme example owing to its giant eruption.

During the late 1970s, it was recognized that the distribution of the most lumi-
nous hot stars on the HRD defines a locus of declining luminosity with decreasing
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temperature [49,50,57,117]. Together with the fairly tight upper luminosity limit of
the yellow and red supergiants at log (L/L�)≈ 5.8 [50], this indicated that the most
massive stars (M > 60 M�) do not evolve to cooler temperatures: the Humphreys-
Davidson (HD) limit [50]. Humphreys and Davidson [50, 51] suggested that high
mass-loss episodes, represented by stars like η Car, P Cyg, S Dor and the Hubble-
Sandage variables in M31 and M33 [48], prevented the evolution of the most
massive stars to cooler temperatures. With this addition of a post-main sequence
period of high mass loss (10−5 − 10−3 M� year−1) the evolutionary tracks of the
most massive stars were shown to turn bluewards, towards the core He-burning
Wolf-Rayet (WR) phase. During the WR phase, stars are anticipated to explode
as supernovae (SNe) type Ib/c. However, at the end of this chapter, we challenge the
canonical view that LBVs are always transitional between the O and WR stars, and
suggest that some massive stars may already suffer their final explosion during or at
the end of the LBV phase. One of the most relevant questions is therefore do LBVs
explode?

The term LBV was introduced to describe the diverse group of unstable evolved
hot stars in the upper HRD. Today we distinguish between more than one type of
LBV [52]: (1) the normal LBV variability cycles with visual magnitudes changes
of 1–2 magnitudes at essentially constant luminosity – on timescales of years to
decades – represented by the prototype of the class, S Dor, in the Large Magellanic
Cloud, and (2) the giant eruption LBVs represented by η Car and P Cyg with visual
magnitudes changes of 3 magnitudes or more, during which the total bolometric
luminosity increases [52, 54].

In this chapter, we focus on the S Dor-type variables and their transits in the
HRD, the prime characteristics of the LBV class. Roughly 30 massive stars in
the Galaxy (�10) and Local Group (�20) are known to be S Dor variables. By
contrast, only two Galactic objects have been discovered to exhibit giant η Car-
like eruptions: η Car itself and P Cygni, which suddenly appeared at naked-eye
visibility in 1600. Due to their high luminosities at maximum, a significant number
of LBV-like non-terminal eruptions have been discovered in external galaxies. Most
are typical of giant eruptions whilst some appear to be more similar to S Dor type
variables. These extragalactic LBVs are sometimes referred to as “SN imposters”
(see the contribution in Chap. 11).

The circumstellar nebulae seen around many Galactic and MC LBVs [88, 135]
may also have resulted from giant η Car eruptions, although stationary winds from
prior evolutionary phases may constitute an alternative scenario for their creation
[32]. Given the association of many LBVs with nebulae and ejecta and the close
proximity of both the S Dor variables and the η Car-like variables to the Eddington
limit, it is often suggested (though not proven) that their instabilities represent
different manifestations of the same underlying evolutionary state. The fact that the
giant eruptor P Cyg is also subject to small amplitude S Dor variability [24, 79] and
that η Car’s second outburst (during 1888–1895) was like that of a normal S Dor
variable [54] lends support to this possibility.

We emphasize, however, that neither the η Car-type eruptions, nor the S Dor
variations are understood. Worse still, we do not know whether all LBVs are
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subject to both types of variability, or in which order they may occur. Two pertinent
questions are thus whether “η Car is unique among the LBVs?” and “what is the
root cause of the S Doradus variations?”

10.2 Basic Properties of LBVs

Variability LBVs show significant spectroscopic and photometric variability on
timescales of years (short S Dor phases) to decades (long S Dor phases, cf. van
Genderen [126]). For completeness, we note that LBVs also show smaller amplitude
“micro” variability, on shorter timescales (weeks, months), but this aspect of their
variability is also a common feature of supergiants in general (see [71, 75] and
references therein).

Luminosities The classical LBVs have log (L/L�) larger than 5.8 with bolometric
magnitudes in the range Mbol −9 to −11. There is an apparent “gap” in their
luminosities just below log (L/L�)= 5.8, and a separate group of less luminous
LBVs with log (L/L�)= 5.4–5.6, corresponding to bolometric magnitudes in the
range Mbol �−8 to �−9 [52]. We note that this separation in luminosity (see
Fig. 10.1) may not be real, but due to small number statistics. As the less luminous
LBVs are below the HD limit, they have presumably been red supergiants where
they may already have shed a lot of mass. As a result, they may be equally close to
their Eddington limit as the classical LBVs.

One of the most important properties of LBVs is that they appear to be close to
the Eddington limit for stability against radiation pressure for their luminosities and
current masses (see the subsection on stellar masses). The Eddington luminosity
LEdd is defined:

LEdd =
4πcGM

κF
(10.1)

where κF is the flux-mean opacity and M is the total mass of the star.
The dimensionless Eddington parameter Γ is defined as the ratio of radiative

acceleration to gravitational acceleration (disregarding sign):

Γ =
κFL

4πcGM
= (7.66× 10−5 g cm−2)κF

(
L

L�

) (
M

M�

)−1

. (10.2)

If opacity is entirely due to Thomson scattering by free electrons, as often assumed
in this connection, then κF ≈ 0.3 cm2 g−1; but this depends somewhat on chemical
composition and ionization state.

Temperatures LBV temperatures are not only time-variable, but accurate Teff

determination requires sophisticated non-LTE spectral analyses for hot stars with
extended envelopes and winds. Furthermore, it should be noted that for extreme
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Fig. 10.1 The location of the LBVs (black circles) and candidates (open circles) in the
Hertzsprung-Russell Diagram. The cool yellow hypergiants are indicated with pluses. The slanted
and vertical grey bands represent visual minimum and maximum respectively. The dashed vertical
line at 21,000 K indicates the location of the bi-stability jump (see Sect. 10.3) (The figure has been
adapted from Smith et al. [109] and is similar to e.g. Fig. 9 in [52])

objects like η Car we cannot even estimate the radius based on Teff as the wind
is optically thick. In such a case, Teff refers to the position in the wind where
Rph >Rsonic (see below for a more extended discussion).

Figure 10.1 shows the confirmed and candidate LBVs on a schematic HRD with
their transits (the dotted horizontal lines) between quiescence and their outburst
state or visual maximum. At quiescence, or visual minimum, they appear to lie
along a fairly narrow slanted band: the “S Dor instability strip” [138]. Their effective
temperatures vary from over 30,000 K, corresponding to spectral type late O/early B,
for the luminous classical LBVs to only �15,000 K, corresponding to late B spectral
types, for the less luminous LBVs. Objects from both subgroups transit redwards to
Teff not higher than �8,000 K, corresponding to spectral types A to F, when they are
“in outburst” or visual maximum. Wolf [138] noted that the amplitudes of the S Dor
excursions become larger with increasing luminosity, and suggested that the most
luminous LBVs could be cosmological distance indicators. Normal blue supergiants
are also observed in and to the right of the S Dor instability strip, but they may not be
close to their Eddington limit and may therefore not be subjected to the instability
that characterizes LBVs. The cool or yellow hypergiants (YHGs) just below the HD
limit [50, 52] are included as these might somehow represent the “missing” LBVs
[109] – a possibility which will be discussed further in Sect. 10.3.
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Table 10.1 The confirmed LBVs. See [81, 83, 124] for the latest additions

Galaxy:
η Car AG Car HR Car P Cygni HD 160529
HD 168607 FMM 362 AFGl 2298 G24.73+ 0.69 W1-243
GCIRS 34W Wra 751 G0.120−0.048

LMC:
S Dor R71 R 110 R 116 R127
R 143 HD 269582 HD 269929

SMC:
R40 HD 5980

M31:
AE And AF And Var A-1 Var 15

M33:
Var B Var C Var 2 Var 83 GR 290
N 93351

M81:
I 1 I 2 I 3

M101:
V 1 V 2 V 10

NGC 2403:
V 12 V 22 V 35 V 37 V38

NGC 1058:
SN 1961 V

Membership Whether a particular blue hypergiant is a member of the select
group of LBVs (see Table 10.1) is often a matter of debate (see [12, 52, 82]). In
general, spectral resemblance to the P Cygni type spectrum of a known LBV is not
a sufficient criteria for a star to be called an LBV. For this reason we include a group
of LBV candidates (LBVc) listed in Table 10.2. To officially qualify as an LBV,
an object should at least have shown the combination of spectral-type/photometric
variations characteristic of S Dor-type variability due to changes in the star’s appar-
ent temperature. Spectral variability, e.g. due to mass-loss changes, on its own is not
a criterion, as almost all massive stars would qualify. Changes in photometric color
could be the result of Teff changes, however obscuration by circumstellar dust may
also give rise to color changes. Finally, the association of a supergiant with a cir-
cumstellar nebula is also not a criterion for an object to be added to the list of LBVs.
The famous pistol star and LBV 1806−20 are thus strictly not LBVs.1 These objects
remain candidates until they have shown the characteristic spectral-type variations.

When LBVs are discussed in an evolutionary context, we should be aware that the
LBV phenomenon is likely to be intermittent and that part of the population might
be dormant. Disregarding this could lead to incorrect interpretations with respect
to their relative numbers and their evolutionary state. When we discuss the LBV
phenomenon, however, we should only include the confirmed LBVs.

1See Chap. 4.
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Table 10.2 The LBV candidates. See [9, 40, 119] for the latest additions

Galaxy:
Cyg OB2#12 Pistol star HD 168625 HD 326823 HD 316285
He3-519 ζ 1Sco MWC 314 MWC 930 AS 314
G25.5+ 0.2 G79.29+ 0.46 G26.47+ 0.02 Wra17-96 WR102ka
LBV1806−20 Sher 25 W51 LS1 GCIRS 16NE GCIRS 16C
GCIRS 16SW GCIRS 16NW GCIRS 33SE
MN112

LMC:
R 4 R 66 R 74 R 78 R 81
R 84 R 85 R 99 R 123 R 128
R 149 S 18 S 22 S 61 S 119
S 134

Abundances As massive stars evolve on the main sequence their atmospheric
abundances are expected to undergo a transition in chemical abundances from solar
He and CNO abundances to He-enriched and nuclear-equilibrium CNO abundances
(with N enhanced, C/O depleted) [77]. For massive stars with �60 M�, this
transition occurs rather rapidly after about 2 Myr of evolution [140]. LBVs show
a wide span of CNO ratios. Davidson et al. [19] showed that the ejecta around η
Car are enhanced in both nitrogen and helium, and Pasquali et al. [93] found that the
shell ejected by the LBVc HD 168625 is also N-enriched compared to the interstellar
medium by a factor of several. Smith et al. [107] studied a sample of LBV nebulae
and found the ejecta to be generally N-enhanced, although most nebulae have not
reached abundances characteristic of CNO equilibrium.

The origin of the circumstellar nebulae associated with some LBVs however is
uncertain. Photospheric abundance measurements might therefore provide a more
direct means to constrain the LBV evolutionary state. These abundances however
depend not only on the details of the atomic physics but also on the complexities
of non-LTE spectral analyses. For example, Hillier et al. [47] showed that the H/He
ratio in the wind of η Car is ambiguous due to a strong coupling with the mass-
loss rate. Eta Car however, could be an exception with its huge luminosity and high
mass-loss rate. Najarro et al. [86] studied the atmospheric He abundance of P Cygni
and quoted a best value of n(He)/n(H) of 0.3, corresponding to a mass fraction
Y= 0.63. However, they noted a huge uncertainty due to the trade-off in ionization
and He abundance and provided a He abundance range of n(He)/n(H)= 0.25–0.55.
Hillier et al. [46] also ruled out a solar He abundance for the extreme P Cygni star
HD 361285, but admitted that the uncertainty in n(He)/n(H) could be as large as a
factor 20! Evidence for advanced CNO processing was found by Lennon et al. [74]
for the LBV R71, but this is not a well-established result for LBVs in general.
Although most LBVs have He and N enhanced atmospheres, it seems unlikely that
all of them have reached equilibrium CNO values in their outer atmospheres.

Stellar masses Masses are most accurately determined using detached binary
systems. However, almost all LBVs are single. Eta Car is the best-known exception
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to this rule, with its 5.5 years periodicity [16, 137] attributed to a companion.
The current mass of η Car is thought to be at least 90 M�, to avoid violating the
Eddington Limit at its high luminosity (see Chaps. 3 and 12).

LBVs with log (L/L�)> 5.8, are usually assumed to be evolved from the most
massive stars with M > 50 M� (e.g. [103]). Mass measurements for these high-
luminosity objects are scarce and uncertain. Pauldrach and Puls [96] quote a mass
of 23 M� for P Cyg. Vink and de Koter [130] estimated LBV masses from time-
variable mass-loss rates and found a mass of 35 M� for AG Car. These results
suggest that classical LBVs have already lost a significant fraction of their initial
mass probably through the combined effects of line-driven mass loss during the OB
and LBV phase, and/or through prior major eruptions. The quoted mass estimates
are highly model dependent. For instance, wind clumping was not considered for the
mass estimate of AG Car. However, if these objects have lost half their initial mass,
their L/M ratio is quite large, with Γe � 0.5, and they are close to the Eddington
Limit for their luminosities.

The initial masses of the less luminous LBVs, log (L/L�)� 5.4, is of the order
M ∼ 25 M�; e.g. [103]). Comparing this mass with current-day mass estimates
of M ∼ 12 M� for R71 [73], M ∼ 10 M� for R110 [115], and M ∼ 13 M� for
HD 160529 [118], suggests that these low-luminosity LBVs may already have lost
more that half of their initial mass (e.g. during a prior RSG phase). The low-
luminosity LBVs are equally close to their Eddington limit with Γe � 0.6. All of
these empirical mass estimates are uncertain by at least a factor 2.

Interestingly, Martins et al. [80] recently reported that the LBVc GCIRS 16SW
may be an eclipsing binary, with both components weighing �50 M�. If it is a
genuine LBV, it may be a key object for constraining massive star evolution models,
because current models with rotation [84] suggest such massive objects will not pass
through the LBV phase at all during their evolution.

10.3 Mass-Loss Properties – Do LBVs form
Pseudo-Photospheres?

With its current mass-loss rate of order 10−3 M� year−1 it is clear that η Car has
formed an optically-thick wind and a pseudo-photosphere, but whether the S Dor-
type variables have optically thick winds is less well established. It has been
suggested that the temperature changes during S Dor cycles do not represent true
stellar temperature changes, but are due to the formation of the dense, optically-
thick wind. As the mass-loss rate increases, the effective photosphere of the moves
out into the wind, and the apparent effective temperature of the star drops, whilst the
apparent stellar radius increases – without an actual expansion of the star [3,18,62].
Davidson [18] also showed that the minimum temperature the wind can achieve as
the mass loss increases, in the LBV eruption, is ∼7000 K, in rough agreement with
the apparent temperatures of the LBVs at visual maximum.
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Normal OB stars have winds that are optically thin in the continuum and we
see through the entire wind – down to the photosphere. In other words, the wind
is formed outside the photosphere. However, when the mass-loss rates increases,
the wind becomes less transparent, and the photosphere from which the optical
light originates is now at larger radii. When the wind has become optically thick,
the photosphere is formed above the sonic velocity. In other words, the wind is
accelerated “inside” the photosphere – forming an opaque wind with Rph >Rsonic.

Leitherer et al. [73] and de Koter et al. [27] performed detailed NLTE modelling
of this process, showing that the extent of a pseudo-photosphere that results from
increased mass loss is relatively modest in comparison to that of a WR star. The
conclusion was that the underlying LBV radius itself must become larger due to an
as yet unidentified sub-photospheric mechanism. Furthermore, it became clear that
empirical mass-loss rate during S Dor redward excursion do not always increase
during outburst [72, 130]. More recently, Smith et al. [109] showed that pseudo-
photospheres might be feasible under certain special circumstances discussed later
in Sect. 10.3.3. Before we provide a more detailed account of the possibility of
pseudo-photosphere formation, we give an overview of our current knowledge of
stationary LBV mass loss. The radiative forces that may be responsible for giant
eruptions are discussed elsewhere (Chap. 12).

10.3.1 Observed Mass-Loss Rates

Analysis of the blue-shifted absorption components in the P-Cygni profiles of strong
emission lines such as Hα is commonly used to determine mass-loss rates from
massive stars.

Terminal velocities The terminal velocities of LBV winds measured from the blue
edge of the P Cygni absorption component are in the range 100–250 km s−1, with η
Car having a v∞ of ∼500 km s−1 (cf. [72]). These wind velocities are significantly
lower than those of normal OB supergiants, which have v∞ ∼ 1,000–3,000km s−1.
The mass-loss rates of LBVs are also a factor of 10–100 larger than those of normal
supergiants, so their wind densities, ρ(r) = Ṁ/4πr2v(r), are much higher, giving
the line profiles their characteristic P Cygni shapes. As the LBV mass-loss rate is
variable, some LBVs exhibit profile shape changes and variability in the absorption
profile, such as the split blue-shifted absorption components seen in the Hα line of
AG Car (see Fig. 10.2) and other LBVs such as R 127 [113, 114]. P Cyg, R 66, and
HD 160529 also exhibit shell components in their Fe II lines (cf. [66] for P Cyg).
The split Hα absorption components in LBVs have recently been proposed to be
the result of an abrupt bi-stability jump [35].

Mass-loss rates Mass-loss rates of most LBVs have been determined using
non-LTE models such as CMFGEN [45]. The very high mass-loss rate for η
Car (3× 10−3 M� year−1) has been determined by several methods using radio,
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Fig. 10.2 The appearance of double-split absorption components in Hα in the spectrum of AG Car
during the years 1996–1999. The spectra are marked in Julian days (The figure has been taken from
Stahl et al. [116])

mm-wavelength, and Hubble Space Telescope data [14, 20, 136], and the non-LTE
model results for η Car [47] yield a similar answer. Sophisticated NLTE mass-
loss determinations for other LBVs include a value of 3× 10−5 M� year−1 for
the extreme twin of P Cyg: HD 316285 [46], while Najarro et al. [86] derived
3× 10−5 M� year−1 for P Cyg itself, using similar analysis tools. These results are
all much higher than for normal OB supergiants of comparable temperatures.

The non-LTE model based mass-loss determinations however are based on
assumed spherical winds, but the wind of η Car, is bipolar [108, 125]. Whether
non-spherical winds have a large effect on the mass-loss determination, remains
to be shown. A more serious assumption may be homogeneity. Davies et al. [21]
performed a linear spectropolarimetry survey of Galactic and MC LBVs and found
large line polarizations in over half of their survey targets. This is a higher incidence
of polarization line effects than in O and WR stars where asphericities of resp.
∼25% [43, 133] and ∼15% [42, 129] have been reported. Rather than attributing
the polarization to large-scale axi-symmetry (e.g. [104]), Davies et al. [21] attribute
the linear polarization of LBVs like AG Car to wind clumping, because the position
angle in the polarization was shown to vary significantly, as was the case for P Cyg
[87]. A similar conclusion regarding overall sphericity of LBV winds was drawn by
Guo and Li [39] on the basis of modelling LBV continuum energy distributions.

The LBV polarization variability implies that the clumps must arise close to the
photosphere, and many small clumps predominate over a few larger ones [22]. The
quantitative implications of wind clumping for the absolute mass-loss rate of LBVs
and in early-type stars, in general, have yet to be established [41].
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Fig. 10.3 Time-variable empirical mass-loss rates for AG Car as a function of Teff, as analyzed by
Stahl et al. [116] (Figure taken from Vink and de Koter [130])

Although most LBVs have been monitored photometrically, only a handful have
been subject to quantitative spectroscopic analysis at various epochs, and mass-loss
rates have rarely been reported for different S Dor phases. In this respect, AG Car is
the best studied LBV. Stahl et al. [116] investigated AG Car’s mass-loss behavior
over the period December 1990 – August 1999 and modelled the Hα profiles
in detail. Their empirical mass-loss rates for the cycle from visual minimum to
maximum – and back to minimum – are plotted against apparent temperature in
Fig. 10.3. The mass-loss rate rises, drops, and rises again towards visual maximum
(solid line) due to ionization changes of the Fe lines that drive the wind [130].
We note that there is a difference in mass-loss behavior from visual minimum to
maximum and in the opposite direction (dotted line). We suspect that this is due
to the breakdown of the assumption of stationarity from outburst to quiescence.
Due to the larger radii, the dynamical flow times are much longer at maximum
than they are at minimum light, which implies that material that was lost in this
phase may still be near the photosphere, which may significantly affect the mass-
loss determinations, resulting in erroneously large mass-loss rates for the route back
to minimum. A second reason for the difference may be related to the release of
gravitational energy when the star returns to quiescence. If this plays a role, the
assumption of constant bolometric luminosity may no longer hold (see also [13,37].
Due to the above-mentioned complexities, we focus the comparison of mass-loss
predictions to empirical mass-loss rates for the outburst phase (solid line) only.

10.3.2 Theoretical Mass-Loss Rates

Mass loss from a star with a stationary stellar wind is assumed to be due to an
outward acceleration larger than the inward directed gravitational acceleration.
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For early-type stars, this acceleration has been identified with the radiation force,
which depends on both the available photospheric flux and the cross section of the
particles that can intercept this radiation.

In hot-star winds, nearly all H is ionized by the strong radiation field, which
implies that there is an enormous number of free electrons present which are the
main contributors to the continuum opacity. The radiative acceleration due to photon
scattering off free electrons is subject to the same 1/r2 radius dependence as is the
gravitational acceleration, and for this very reason cannot drive a stellar wind by
itself. Lucy and Solomon [76] showed that a stationary wind would occur when
scattering by optically thick spectral lines was included. The interested reader is
referred to the introductory book on stellar winds by Lamers and Cassinelli [63] for
an overview of the line acceleration of optically thin and thick lines.

The line acceleration due to all spectral lines is often expressed in terms of the
radiative acceleration due to electron scattering times a certain multiplication factor:
the force multiplier M(t). Using this method, one can parametrize the line force,
and solve the equation of motion in a rather straightforward manner [11]. In this
approach, the radiation is assumed to emerge directly from the star. The effects of
diffuse radiation and multiple scatterings are not taken into account.

Abbott and Lucy [1] showed that calculated mass-loss rates can also be obtained
using Monte Carlo simulations, counting the cumulative radiative accelerations due
to photon interactions with gas particles of different chemical species (mostly Fe).
However, the main challenge in radiation-driven wind dynamics is that the line
acceleration gline depends on the velocity gradient (dV/dr), but the velocity V (r),
hence dV/dr, in turn depends on gline. Due to its non-linear character, the dynamics
of line-driven winds is quite complex. Fortunately, observational analyses provide
accurate information on wind velocities, which can be used to constrain the wind
dynamics.

Vink and de Koter [130] adopted an empirical velocity stratification,2 V (r), and
predicted stationary mass-loss rates for LBVs as a function of Teff in a similar vein
to their mass-loss prescriptions for OB supergiants [132]. They studied the effects of
lower masses and modified He/H and CNO abundances in comparison to normal OB
supergiants and found that the main difference in mass-loss rate is attributable to the
lower masses of LBVs compared to OB supergiants, resulting in a larger Eddington
parameter Γe. The increase in He abundance changed the mass-loss properties by
only very small amounts (up to about 0.2 dex in log Ṁ). CNO processing also had
only a minor effect on the mass-loss rate, because Fe was found to be the dominant
contributor to the line force in the inner wind. CNO lines contribute mostly to the
line force in the outer wind where the terminal velocity is set [100, 131].

They [130] also compared their LBV mass-loss predictions with observational
analyses and showed that the mass-loss variability during the S Dor cycles may
arise from changes in the ionization balance of Fe: the bi-stability mechanism,
first noticed in model calculations of the wind of P Cygni [96]. The wind either

2Note that our treatment of the winds dynamics has now been updated [85].
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Fig. 10.4 Predicted (dotted line) and empirical (dashed line) mass-loss rates versus Teff for the
LBV AG Car. Note that both the qualitative behaviour and the amplitude of the mass-loss variations
are well reproduced, provided the predictions are shifted by ΔTeff =−6,000 K. See [130] for details

had a high v∞ and low Ṁ, or visa versa. The location of the jump near spectral
type B1 (21,000 K) was established by Lamers et al. [67] from a v∞ study of OB
supergiants and improved by Crowther et al. [15]. The nature of the jump was
originally attributed to the optical thickness of the Lyman continuum [65], but Vink
et al. [131] showed that most of the line driving for both the hot and cool side of the
jump was due to Fe in the Balmer continuum, with the jump in mass loss being the
result of the recombination of Fe IV, as Fe III has more lines available to drive
the wind. The first empirical evidence for a jump in Ṁ may have been found by
Benaglia et al. [5], even though the rates at later spectral types appear to drop below
those predicted [78, 121, 132].

The intriguing case of AG Car is depicted in Fig. 10.4, where we compare
the predictions with the Stahl et al. [116] rates when the apparent temperature
decreased from 24,000 to 9,000 K. In these computations, it was assumed that
log (L/L�)= 6.0; M = 35 M�; the He mass fraction Y= 0.60, and the ratio of the
terminal over escape velocity was 1.3. The luminosity and He abundance are similar
to those assumed by Stahl et al. We used the mass-loss behavior to constrain the
stellar mass of the LBV. Unfortunately, the terminal velocity is poorly constrained
by observations, as the v∞ determination from Hα only allowed for a lower limit
[116]. We note that the adopted ratio of the terminal over the effective escape
velocity may impact the mass determination. Furthermore, the Fe recombination
temperatures show an offset compared to empirical constraints from the drop in
terminal velocities at spectral type B1 in OB supergiants.

Figure 10.4 shows that after accounting for a corrective shift Δ Teff, the observed
and predicted mass loss agree within �0.1 dex. As Ṁ(Teff) shows a complex
behavior, with fluctuations of over 0.5 dex, this is a satisfactory result, confirming
that AG Car’s mass-loss variability is the result of changes in the ionization of the
dominant line-driving element Fe.
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10.3.3 Do S Dor Variables Form Pseudo-photospheres?

Now that we have gathered information on the empirical and theoretical mass-loss
rates of LBVs, we can start addressing the question of whether these rates are
large enough to be capable of forming a pseudo-photosphere. In most modern non-
LTE atmosphere codes, the core radius follows from the relation L = 4πR2

inσTin
4.

As the inner boundary is chosen to be deep in the stellar photosphere the input
temperature does not necessarily equal the output effective temperature. The
effective temperature Teff is defined at the position where the thermalization optical
depth at 5,555 Å equals 1/

√
3. We intentionally choose the thermalization optical

depth over purely thermal optical depth, as we wish to include the effects of dilution
by scattering (see [27] and references therein for more extensive discussions). For
stars with modest mass fluxes, such as normal O stars, the winds are optically thin
and Teff is only slightly lower than Tin. For LBVs, with Ṁ ∼ 10−4 M� year−1, there
may be a significant difference between these temperatures. If the wind is so strong
that the optical light originates from the depth of rapid acceleration, the object is
considered to be forming a pseudo-photosphere.

The formation of pseudo-photospheres in LBVs may be favored by their lower
masses, providing an increased mass-loss rate and an increase of the photospheric
scale-height. Leitherer et al. [73] and de Koter et al. [27] assessed whether variable
wind properties might explain ΔV � 1–2 mags during S Dor cycles, and concluded
that pseudo-photospheres are unlikely to form in LBVs. However, they did not
investigate the effect of an order of magnitude change in the wind density of a star
that is close to the bi-stability and Eddington limit.

Smith et al. [109] investigated the thermalization optical depth in the inner wind
and showed that models on the cool side of the bi-stability jump may start to form
optically thick winds which could lead to the formation of a pseudo-photosphere – if
the objects are close to the Eddington limit. Figure 10.5 shows that for stars with log
(L/L�)= 5.6–5.8, if the current mass is below ∼12 M�, corresponding to Γe = 0.8,
the star would start to form an extended optically thick wind when it crosses the
bi-stability jump, and for stars with masses below 10.5 M� (at log (L/L�)= 5.7)
the pseudo-photosphere starts to form at Teff 13,000 K. Applying the ΔTeff shift of
−6,000 K to match the empirical temperature of the bi-stability jump would bring
the effective temperature on the cool side of the bi-stability jump down to ∼7,000 K,
which agrees with the location of LBVs in eruption and the YHGs.

The scenario described above hinges critically on the large value of Γe of >0.8,
but it remains to be seen if these high Γe values are realistic for LBVs. We quoted
earlier Γe values in the range Γe � 0.5 for classical, and Γe � 0.6 for low-luminosity
LBVs. It is indeed possible that the missing LBVs had larger Γe values, but clearly,
more work is needed to determine LBV masses and luminosities to reliably establish
the proximity of LBVs to the Eddington limit.
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Fig. 10.5 The possible formation of a pseudo-photosphere. The figure shows the drop in apparent
temperature that results from crossing the bi-stability jump which causes an order of magnitude
increase in wind density. The apparent temperature drop from Tin = 25,000 K is shown as a function
of the stellar mass – for objects with log (L/L�)= 5.7. The computed effective output temperatures
are denoted with �. When the stellar mass drops below M ∼ 10.5M�, the objects starts to form an
extended pseudo-photosphere, which results in an effective temperature of ∼13,000 K. Applying a
corrective shift of 6,000 K [130] this comes down to Teff ∼ 7,000 K – corresponding to the location
of the YHGs. The figure indicates that supergiants that have lost significant mass during prior (e.g.
RSG) phases may be susceptible to pseudo-photosphere formation (The figure has been adapted
from [109])

10.4 Theoretical Models for S Dor Variability

In the previous section we addressed the issue of whether the S Dor variability is
the result of a sub-photospheric effect that actually increases the radius resulting in
a decrease in Teff, or whether the apparent decrease in temperature is due to an
increase in the mass-loss rate and the formation of an the optically thick wind.
It appears that the jury is still out on this, and we should thus consider both
atmospheric as well as sub-photospheric mechanisms (see also [52]).

In those cases where a pseudo-photosphere would form as a result of increased
mass loss, the root cause of such a sudden Ṁ increase still needs to be established.
The bi-stability mechanism is a good candidate because it can account for observed
LBV mass-loss behavior. In the following discussion we include bi-stability under
the more general topic of “radiation pressure instabilities”.

To investigate which mechanism might be responsible for the large visual
brightness and spectroscopic variations in S Dor variables, we must also consider
the momentum balance defined as:

− geff = v
dv
dr

+
1
ρ

dP
dr

. (10.3)
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Here geff is the net result of gravity, gG, minus the outward-directed radiative and
turbulent accelerations grad and gturb.

Radiation pressure instability Luminous evolved stars have reduced stability with
respect to radiation pressure due to their reduced mass for their luminosity and are
thus close to the Eddington limit. However massive stars are also rotating. The
critical velocity is defined as v2

crit = (1 − Γ )GM/R. When rotation is included
via the v2

rot term in the equation of motion, objects may become unstable when
Ω = vrot/vcrit > 1, before arriving at the classical or opacity-modified Eddington
limit [69]. For example, the projected rotational velocity for AG Car in the hot
phase, of 190± 30 km s−1 [36] is close to its critical velocity, and a similar result
was recently found for HR Car as well [38]. Thus LBVs are considered to be in
close proximity to both the Eddington and the Omega limits. In the sense usually
intended, the Ω limit is really the Eddington limit modified by rotation.3 Thus, in the
following we include the Omega (Ω ) limit under the general topic of the “Eddington
limit”.

Radiation-pressure driven instabilities occur because as the temperature drops,
the opacity rises (e.g. due to bi-stability), and the radiative acceleration grad

increases. The opacity–modified Eddington limit was initially introduced to explain
the great eruption of η Car [17], and subsequently for the temperature dependence of
the HD limit [51,62], and the instability of LBVs [3,4]. Lamers and Fitzpatrick [64]
computed the location of the opacity-modified Eddington limit, including metal-line
opacities from model atmospheres in addition to electron scattering. They suggested
that S Dor variations could result from a conflict between a star’s tendency to expand
(following core H-burning) and strong mass loss close to the Eddington limit,
requiring the star to shrink as the mass decreases. However there are issues with this
simplified approach. When the ratio of radiative to gravitational force approaches
unity, an instability could be expected, but as the atmosphere expands and density
decreases, the ionization increases thereby reducing the absorptive opacity, and
instead it approaches the classical Eddington limit due to electron scattering
(which is not temperature dependent). However, if the instability would occur at
Γ somewhat less than unity, the density decrease would not eliminate absorption,
and the concept of the modified Eddington limit might nonetheless work.

The attraction of scenarios based on the Eddington limit are clear; they natu-
rally explain the temperature dependent luminosity limit in the HRD, the S Dor
variability, and the two states of LBVs, their high Teff (just on the hot side of the
bi-stability jump), and their low Teff limits. They could also lead to enhanced mass
loss, increased density in the winds and the formation of a pseudo-photosphere.
However, there are no self-consistent models that provide a sound theoretical basis
for for scenarios involving pseudo-photospheres [27].

3In principle this is a simplification of the real physics, because rotation tends to make the
equator cooler than the poles (von Zeipel effect). The resulting temperature gradient affects opacity
and possible instabilities, potentially making the combination of radiation pressure and rotation
synergistic as noted in [65, 97] as well as Sect. 5 of [141].
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Turbulent pressure instability As a star approaches the Eddington limit, the
outermost layers of the envelope become convective (e.g. [10]) and turbulent
pressure gradients may provide an additional acceleration, gturb to the momentum
equation. De Jager [25] showed how supersonic turbulence may destabilize the
atmosphere, and as the mechanism becomes more efficient at higher luminosity,
the mass-loss rate increases. This is also true for radiation pressure forces and it
may be difficult to distinguish between these two atmospheric instabilities.

Vibrations and dynamical instability Together with the radiation pressure-based
instabilities, sub-photospheric dynamical mechanisms are the most promising
explanation for the LBV/S Dor variability (see [34] and references therein). In these
models, “strange modes” and dynamical instabilities are caused by the bump or
increase in the opacity due to iron at the base of the photosphere leading to a strong
ionization-induced instability in the outer envelope as stars transit the HRD after
the end of core H-burning. In the models of Stothers and Chin [120] the star keeps
re-adjusting itself on thermal timescales after periods of strong mass loss, whilst
shrinking in radius. These models provide the correct S Dor timescales and also
appear to “behave” properly at constant bolometric luminosity. The strange mode
calculations by Glatzel and Kiriakidis [33] reproduce the S Dor instability strip and
the upper luminosity boundary in the HRD quite well. Dynamical instability thus
remains one of the more promising candidates to explain LBV variability.

Vibrational or pulsational instability was once thought to be one of the main
contenders for instability and mass loss in the most massive stars (e.g. [2]), but
the ε-mechanism is energized in the core, appears to grow too slowly (e.g. [91])
and is therefore no longer considered valid for LBVs. Another sub-photospheric
instability, the κ mechanism responsible for pulsation in massive stars such as the
Cepheids may also cause pulsations in the outer envelope. It may be responsible
for some of the micro-variability seen in LBVs and other supergiants ([71] and
references therein) which occur on timescales of weeks to months. The timescale
of the S Dor variations however is much longer and therefore unlikely to be due to
pulsations.

Binarity Most LBVs are apparently single, and although. η Car may have a
companion, it seems clear that binarity can neither be the root cause of the S Dor
variations, or for the giant eruptions, as the only other local example, P Cyg, is single
(but see [60], or unless it formed through merging, cf. [98]).

10.5 Evolutionary State

There is no doubt that LBVs are evolved, unstable massive hot stars. The more
massive classical LBVs have apparently evolved off the main sequence, while the
less luminous LBVs may be post-red supergiants. In the generally accepted view of
massive star evolution, the classical LBVs are considered “transitional” objects in a
phase before entering the He-burning WR stage [70], by the end of which the star is
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anticipated to explode as a type Ib/c supernova. Many LBVs are known to be N and
He rich compared to O stars, but H rich compared to the more evolved WR stars.
This situation is somewhat more complex as there is also a group of high-luminosity
late-type H-rich WR stars, which appear closely related to many classical LBVs
in quiescence the Ofpe/WN stars [134]. These and other luminous stars, the B[e]
supergiants [68], and and the cool or yellow Hypergiants (YHGs) [26], that show
evidence for high mass loss and instabilities which may be related to the LBV state.

10.5.1 The Evolutionary Neighbours

Ofpe/late-WN stars The “slash” stars are a group of luminous hot stars with very
strong emission lines due to their strong mass loss. They have He and N enhanced
atmospheres indicative of an evolved state [92], but are generally not believed to
be highly variable. These stars however may be closely related to the LBVs in
quiescence. The S Dor-type variable, R127, was a late-WN star prior to its long-
term outburst beginning in the early 1980s [114]. Either the late-WN stars evolve
into LBVs, or they may represent a dormant phase of LBV evolution. Either way,
Ofpe/late-WN stars are thought to be evolved massive stars in a transitional stage
for objects with initial masses M > 50–60 M�. Since no evolved stars are observed
redwards of the Humphreys-Davidson (HD) limit at these high luminosities and
masses , high mass loss during the Ofpe/late-WN and LBV phases may reverse the
evolutionary track back to the hotter part of the HRD, where they should appear as
He-burning WR stars.

B[e] supergiants The spectra of the B[e] stars [68] show an abundance of high-
excitation permitted and forbidden emission lines that are thought to arise from
an equatorially enhanced outflowing disk. Zickgraf et al. [142] proposed a 2-
component wind with a normal fast polar wind and a dense slow outflowing
equatorial “disk”. A popular mechanism to explain this 2-component wind is the
rotationally induced bi-stability mechanism [65, 97]. The pole is hotter than the
equator, due to the Von Zeipel gravity darkening effect which could lead to a fast,
low Ṁ, polar wind driven by Fe IV lines, and a slow, high Ṁ, equatorial wind
driven by the more effective Fe III lines [131]. This mechanism is expected to occur
predominantly at spectral type B. However the star is expected to rotate rapidly but
vrot measurements are difficult for B[e] stars, with most of the lines in emission.

The B[e] supergiants may represent a subset of massive stars with high rotational
velocities. The B[e] supergiants were originally not thought to be variable, but there
is now evidence for large amplitude variability for some B[e] supergiants [127],
suggesting a closer evolutionary link between LBVs and B[e] supergiants than
previously acknowledged.

Yellow or cool hypergiants YHGs are found just below the HD-limit [50, 52]
at intermediate temperatures with A to G spectral types. Many of these stars
show spectroscopic and photometric variability, high mass-loss rates, large infrared
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excesses and visible circumstellar ejecta, all evidence for instability. The YHGs
are often assumed to be post-RSGs [26, 90], although the evolutionary state is not
established for all of them. The intriguing object IRC +10420 has been shown to be
a post-RSG [59, 89] and numerous studies have revealed its complex ejecta [53, 55]
and large-scale asymmetry [23, 28, 95]. Given their variability and high mass loss,
the YHGs are likely close to their Eddington limit, with a large Γe, and it is thus
probable that many of them are post-RSGs Nevertheless, it is not clear whether
objects like IRC +10420 are on an evolutionary blueward journey towards the WR
phase [55, 89] bouncing against the yellow void [26], or are on the cool side of the
bi-stability jump [109].

10.5.2 Do LBVs Explode?

The picture of the LBVs as a high mass loss, relatively short-lived (some 104 years)
and presumably core H-burning phase prior to a much longer (a few times 105 years)
core He-burning WR phase seemed well established – until recently.

There is increasing observational evidence that LBVs could be direct progenitors
of some SNe. Kotak and Vink [61] proposed that the quasi-periodic modulations
seen in the radio light curves of transitional SNe such as SN 2001ig and SN 2003bg
are the manifestation of variable mass loss during S Dor excursions. Although
several other possibilities have been put forward to explain these modulations
[102, 112], none has been entirely satisfactory. The recurrence timescale of the
variability, as well as the amplitude of the radio modulations are consistent with
those of S Dor variables and their scenario [61] provides a rather natural explanation
for a behaviour that is expected on theoretical grounds [130].

The same wind bi-stability mechanism may be able to account for wind-velocity
variations seen spectroscopically in SN 2005gj [122] in which the variable winds
are inferred from double P Cygni components (see Fig. 10.6) which appear almost
identical to those seen in the Hα profiles of S Dor variables like AG Car and
HD 160529 (see also [35]). Both the timescales and the spectroscopically measured
wind velocities of SN 2005gj, with v∞ � 100–200 km s−1, are consistent with those
of LBVs, but not with those of the much slower RSG winds (∼10 km s−1), or the
much faster WR winds (�1,000–5,000km s−1). See Van Marle et al. [128] and [122]
for more information.

The progenitor star of the recent supernova SN 2006jc had a giant eruption just
2 years before its terminal explosion. Foley et al. [30] and Pastorello et al. [94]
suggested that the progenitor star was either a WR star that exhibited an “LBV or
η Car-like” eruption, or that the progenitor was part of a binary system including
both an LBV and a WR star, with the WR star exploding and the giant eruption
attributable to the LBV, as WR stars have never been observed to have an η Car
type eruptions. A more direct application of Occam’s razor would be to accept that
the progenitor object exploded during or at the end of the LBV phase or an η Car-
like giant eruption [61].
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Fig. 10.6 Multiple absorption components seen in the P Cygni Hα profile of SN 2005gj (top)
in comparison to the LBVs AG Car and HD 160529 (The figure has been taken from Trundle
et al. [122])

Gal-Yam et al. [31] discovered a luminous source (with Mbol =−10.3) in the
pre-explosion image of SN 2005gl. Although, the properties of the progenitor are
consistent with those of LBVs, they are equally consistent with a luminous blue
supergiant that has not exhibited spectral type variations (see the membership
discussion in Sect. 10.2), and the progenitor of SN 2005gl may potentially be
classified as an LBVc. The resulting SN explosion was of type IIn, indicating the
presence of a dense circumstellar medium, additional evidence for prior η Car-type
eruptions.

Other hints that LBVs may explode come from similarities in the morphology
of LBV nebula and the circumstellar medium of SN 1987A [105], while the very
luminous SN 2006gy – hypothesized to be an exotic pair-instability SN – may
also have undergone an η Car-type eruption before exploding [110]. An alternative
scenario for a giant η Car-type outburst was suggested by Woosley et al. [139] who
attributed the dense shells around this luminous SN to pulsational pair instability.4

We emphasize that the evolutionary status of LBVs remains uncertain (see the
discussion in [29]). Evolutionary models have been constructed to allow LBVs in a
transitional phase between a core H-burning main sequence and a core He-burning
WR phase. This model naturally accounts for the the chemical abundances (He, N)

4See Chap. 13.
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of LBVs which are intermediate between those of O and WR stars. The concept of
an LBV exploding is certainly at odds with current stellar evolution models and an
exploding LBV scenario was until recently considered “wildly speculative” [106].
Nevertheless, the evolutionary models do not provide a straightforward explanation
for the wide range of phenomena described above and a simple explanation for
this could be that at least some massive stars in an LBV state could precede the
terminal explosion. This would allow some massive stars to skip the WR phase
– in contradiction to the basic framework of massive star evolution. This also
suggests that LBVs are already in the core He-burning phase of evolution. Given the
intriguing variations seen in radio light curves and the double absorption features
in the P Cygni line profiles, I suggest that the changing winds of LBVs may help
address the issue of whether the LBV phase may indeed represent the evolutionary
endpoint for some of the most massive stars.

10.6 Outlook

We have examined observational, atmospheric modelling, and theoretical aspects of
the current status of our knowledge of the LBV instability and their role in massive
star evolution. Although radiation pressure as well as a dynamical instability are
strong candidates for explaining S Dor variability, we conclude that the mechanism
at the origin of the LBV phenomenon remains elusive. One of the most relevant
issues to be addressed relates to the nature of the S Dor variability itself. With respect
to massive star evolution, and in particular whether LBVs are in a transitional or final
phase of evolution, the last few years have seen a flurry of activity, but we should
not yet draw any definitive conclusions regarding their evolutionary state.

Progress is expected to be made on a number of fronts. First of all, the number of
known LBVs is small and for a proper understanding of any individual member,
photometric, polarimetric, and spectroscopic monitoring on the timescale of the
S Dor variations is required. Atmospheric modelling is necessary to determine
the stellar parameters and place the LBVs properly onto the HRD. There are
still enormous uncertainties in the values shown in Fig. 10.1. Furthermore, LBV
masses, nor their proximity to the Eddington limit, are known with any level
of certainty, with profound consequences for theoretical interpretation. Therefore,
binary searches, orbit determinations, and spectroscopic modelling are strongly
encouraged to determine this most basic parameter.

As is the case for the normal OB supergiants, the LBV mass-loss rates are
uncertain due to wind clumping. Progress will undoubtedly be made regarding the
role of of wind clumping and its impact on mass-loss rates in OB stars and LBVs.
However, the LBVs themselves provide an ideal laboratory for studies of wind
clumping, because the polarization variability is most extreme, due to the combined
effect of low outflow velocities and high mass-loss rates [21]. Mass-loss variability
– in conjunction with Teff determinations – could also be utilized to constrain the
stellar masses, as was exemplified for the object AG Car [130].
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A number of developments provide new opportunities for LBV research. The
infrared era has properly come of age with satellites such as Spitzer. Recent activi-
ties involve both in-depth studies of known LBVs [123], as well as the discoveries
of new ones, even beyond the Local Group. The so-called intermediate luminosity
“red” transients, where “intermediate” means that their luminosities are in between
classical novae and supernovae are examples. The nature of these transients, incl.
SN 2008S and NGC 300 OT2008-1, remains as yet elusive. Some authors have
argued for a SN origin [8, 99], whilst others [6, 111] suggest they are due to the
non-terminal outburst of an LBV-type star or an evolved intermediate mass, post-
AGB star [7, 56]. Another intriguing direction for LBV research is provided by the
detection of LBVs and candidates in very low metallicity environments [44,58,101].
The mere presence of LBVs at such low metallicities presents a challenge for theory,
because of the reduced opacity available to drive an LBV wind.

Further theoretical work on the formation of pseudo-photospheres and the more
general question regarding the origin of the LBV variations are badly needed. Such
studies may result in a better understanding of the origin of the variability which is
necessary to place the LBV phase correctly in the evolution of massive stars.

The final message to emerge from this chapter is that η Car may be one of the
most extreme LBVs but it is not unique among the LBVs. Given that η Car’s second
outburst (during 1888–1895) was like that of a normal S Dor variable, the key to our
understanding of η Car’s great eruption may thus not exclusively lie in the study
of η Car itself, but pivotal clues may be obtained through a better understanding of
the more typical S Dor variations that define the LBVs as a class among the most
massive stars.

The most outstanding question for all these stars, S Dor-type LBVs and the giant
eruptions like η Car, is still, what is the underlying origin of their instabilities?

Acknowledgements I am grateful for the many discussions I have had with colleagues from the
massive star community and in particular to Alex de Koter, Henny Lamers, and Rubina Kotak.

References

1. D.C. Abbott, L.B. Lucy, Multiline transfer and the dynamics of stellar winds. ApJ. 288,
679–693 (1985)

2. I. Appenzeller, Mass loss rates for vibrationally unstable very massive main-sequence stars.
A&A. 9, 216–220 (1970)

3. I. Appenzeller, Instability in massive stars – an overview. in Proceedings of the IAUS,
vol. 116 (D. Reidel, Dordrecht, 1986), pp. 139–148

4. I. Appenzeller, The role of radiation pressure in LBV atmospheres, in Proceedings of the
IAUC, ed. by K. Davidson, A.F.P. Moffat, H. Lamersvol, vol. 113 (Kluwer, Dordrecht, 1989),
pp. 195–202

5. P. Benaglia, J.S. Vink, J. Marti, J. Maiz Apellaniz, B. Koribalski, P.A. Crowther, Testing the
predicted mass-loss bi-stability jump at radio wavelengths. A&A. 467, 1265–1274 (2007)

6. E. Berger, A.M. Soderberg, R.A. Chevalier et al., An intermediate luminosity transient in
NGC 300: the eruption of a dust-enshrouded massive star. ApJ. 699, 1850 (2009)



242 J.S. Vink

7. H.E. Bond, L.R. Bedin, A.Z. Bonanos et al., The 2008 luminous optical transient in the nearby
Galaxy NGC 300. ApJ. 695, 154 (2009)

8. M.T. Botticella, A. Pastorello, S.J. Smartt et al., SN 2008S: an electron-capture SN from a
super-AGB progenitor? MNRAS. 398, 1041 (2009)

9. C. Buemi, E. Distefano, P. Leto et al., Photometric monitoring of Luminous Blue Variables.
BSRSL 80, 335 (2011)

10. M. Cantiello, N. Langer, I. Brott et al., Sub-surface convection zones in hot massive stars and
their observable consequences. A&A. 499, 279–290 (2009)

11. J.I. Castor, D.C. Abbott, R.I. Klein, Radiation-driven winds in of stars. ApJ. 195, 157–174
(1975)

12. J.S. Clark, V.M. Larionov, A. Arkharov, On the population of galactic Luminous Blue
Variables. A&A. 435, 239–246 (2005)

13. J.S. Clark, P.A. Crowther, V.M. Larionov et al., Bolometric luminosity variations in the
luminous blue variable AFGL2298. A&A. 507, 1555–1565 (2009)

14. P. Cox, P.G. Mezger, A. Sievers et al., Millimeter emission of eta Carinae and its surroundings.
A&A. 297, 168–174 (1995)

15. P.A. Crowther, D.J. Lennon, N.R. Walborn, Physical parameters and wind properties of
galactic early B supergiants. A&A. 446, 279–293 (2006)

16. A. Damineli, The 5.52 year cycle of Eta Carinae. ApJ. 460, L49–L52 (1996)
17. K. Davidson, On the nature of Eta Carinae. MNRAS. 154, 415–427 (1971)
18. K. Davidson, The relation between apparent temperature and mass-loss rate in hypergiant

eruptions. ApJ. 317, 760–764 (1987)
19. K. Davidson, N.R. Walborn, T.R. Gull, The remarkable spectrum of some material ejected by

Eta Carinae. ApJ. 254, L47–L51 (1982)
20. K. Davidson, D. Ebbets, G. Weigelt, HST/FOS spectroscopy of ETA Carinae: the star itself,

and ejecta within 0.3 arcsec. AJ. 109, 1784–1796 (1995)
21. B. Davies, R.D. Oudmaijer, J.S. Vink, Asphericity and clumpiness in the winds of Luminous

Blue Variables. A&A. 439, 1107–1125 (2005)
22. B. Davies, J.S. Vink, R.D. Oudmaijer, Modelling the clumping-induced polarimetric variabil-

ity of hot star winds. A&A. 469, 1045–1056 (2007)
23. B. Davies, R.D. Oudmaijer, K.C. Sahu, Integral-field spectroscopy of the post-red supergiant

IRC + 10420: evidence for an axisymmetric wind. ApJ. 671, 2059–2067 (2007)
24. M. de Groot, C. Sterken, A.M. van Genderen, Cyclicities in the light variations of S Doradus

stars III. P Cygni. A&A. 376, 224–231 (2001)
25. C. de Jager, The stability limit of hypergiant photospheres. A&A. 138, 246–252 (1984)
26. C. de Jager, The yellow hypergiants. A&ARv. 8, 145–180 (1998)
27. A. de Koter, H.J.G.L.M. Lamers, W. Schmutz, Variability of Luminous Blue Variables. II.

Parameter study of the typical LBV variations. A&A. 306, 501–518 (1996)
28. W.J. de Wit, R.D. Oudmaijer, M.A.T. Groenewegen, M.G. Hoare, F. Malbet, Resolving

the ionized wind of the post-red supergiant IRC +10 420 with VLTI/AMBER. A&A. 480,
149–155 (2008)

29. V.V. Dwarkadas, On Luminous Blue Variables as the progenitors of core-collapse supernovae,
especially type IIn supernovae. MNRAS. 412, 1639–1649 (2011)

30. R.J. Foley, N. Smith, M. Ganeshalingam et al., SN 2006jc: a wolf-rayet star exploding in a
dense he-rich circumstellar medium. ApJ. 657, L105–L108 (2007)

31. A. Gal-Yam, D.C. Leonard, D.B. Fox et al., On the progenitor of SN 2005gl and the nature of
type IIn supernovae. ApJ. 656, 372–381 (2007)

32. G. Garcia-Segura, N. Langer, M.-M. Mac Low, The dynamical evolution of circumstellar gas
around massive stars. I. The impact of the time sequence Ostar – LBV – WR star. A&A. 305,
229–244 (1996)

33. W. Glatzel, M. Kiriakidis, Stability of massive stars and the Humphreys-Davidson limit.
MNRAS 263, 375–384 (1993)

34. G. Grafener, S.P. Owocki, J.S. Vink, Stellar envelope inflation near the Eddington limit.
Implications for the radii of Wolf-Rayet stars and luminous blue variables. A&A. 538, idA40
(2012)



10 Eta Carinae and the Luminous Blue Variables 243

35. J.H. Groh, J.S. Vink, The bi-stability jump as the origin for multiple P-Cygni absorption
components in Luminous Blue Variables. A&AL. 513, 10–13 (2011)

36. J.H. Groh, D.J. Hillier, A. Damineli, AG Carinae: a luminous blue variable with a high
rotational velocity. ApJ. 638, L33–L36 (2006)

37. J.H. Groh, D.J. Hillier, A. Damineli, P.A. Whitelock, F. Marang, C. Rossi, On the nature of
the prototype luminous blue variable AG Carinae. I. Fundamental parameters during visual
minimum phases and changes in the bolometric luminosity during the S-Dor cycle. ApJ. 698,
1698–1720 (2009)

38. J.H. Groh, D.J. Hillier, A. Damineli et al., Bona fide, strong-variable galactic luminous blue
variable stars are fast rotators: detection of a high rotational velocity in HR Carinae. ApJL.
705, L25–L30 (2009)

39. J.H. Guo, Y. Li, Estimating the structure and geometry of winds from Luminous Blue
Variables via fitting the continuum energy distributions. ApJ. 659, 1563–1575 (2007)

40. V.V. Gvaramadze, A.Y. Kniazev, S. Fabrika et al., MN112: a new Galactic candidate
Luminous Blue Variable. MNRAS. 405, 520–524 (2010)

41. W.-R. Hamann, A. Feldmeier, L.M. Oskinova, Clumping in Hot-Star Winds: Proceedings
of an International Workshop held in Potsdam, Germany, 18–22 June 2007, Potsdam
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125. R. van Boekel, P. Kervella, M. Schöller, Direct measurement of the size and shape of the

present-day stellar wind of eta Carinae. A&A. 410, L37–L40 (2003)
126. A.M. van Genderen, S Doradus variables in the galaxy and the Magellanic Clouds. A&A.

366, 508–531 (2001)
127. A.M. van Genderen, C. Sterken, Light variations of massive stars (alpha Cyg variables).

XVIII. The B[e] supergiants S 18 in the SMC and R 66=HDE 268835 and R 126=HD
37974 in the LMC. A&A. 386, 926–935 (2002)

128. A. J. van Marle, N. Langer, G. Garcia-Segura, Constraints on gamma-ray burst and supernova
progenitors through circumstellar absorption lines. II. Post-LBV Wolf-Rayet stars. A&A. 469,
948–948 (2007)

129. J.S. Vink, Constraining GRB progenitor models by probing Wolf-Rayet wind geometries in
the Large Magellanic Cloud. A&A. 469, 707–711 (2007)

130. J.S. Vink, A. de Koter, Predictions of variable mass loss for Luminous Blue Variables. A&A.
393, 543–553 (2002)

131. J.S. Vink, A. de Koter, H.J.G.L.M. Lamers, On the nature of the bi-stability jump in the winds
of early-type supergiants. A&A. 350, 181–196 (1999)

132. J.S. Vink, A. de Koter, H.J.G.L.M. Lamers, New theoretical mass-loss rates of O and B stars.
A&A. 362, 295–309 (2000)

133. J.S. Vink, B. Davies, T.J. Harries, On the presence and absence of disks around O-type stars.
A&A. 505, 743 (2009)



10 Eta Carinae and the Luminous Blue Variables 247

134. N.R. Walborn, Ofpe/WN9 circumstellar shells in the Large Magellanic Cloud. ApJ. 256,
452-459 (1982)

135. K. Weis, On the structure and kinematics of nebulae around LBVs and LBV candidates in the
LMC. A&A. 408, 205–229 (2003)

136. S.M. White, R.A. Duncan, J. Lim et al., The radio source around Eta Carinae. ApJ. 429,
380–384 (1994)

137. P.A. Whitelock, M.W. Feast, C. Koen, G. Roberts, B.S. Carter, Variability of Eta-Carinae.
MNRAS. 270, 364–372 (1994)

138. B. Wolf, Empirical amplitude-luminosity relation of S Doradus variables and extragalactic
distances. A&A. 217, 87–91 (1989)

139. S.E. Woosley, S. Blinnikov, A. Heger, Pulsational pair instability as an explanation for the
most luminous supernovae. Nature 450, 390–392 (2007)

140. L.R. Yungelson, E.P.J. van den Heuvel, J.S. Vink, S.F. Portegies Zwart, A. de Koter, On the
evolution and fate of super-massive stars. A&A. 477, 223–237 (2008)

141. T. Zethson, S. Johansson, K. Davidson, R.M. Humphreys, K. Ishibashi, D. Ebbets, Strange
velocities in the equatorial ejecta of Eta Carinae. A&A. 344, 211–220 (1999)

142. F.-J. Zickgraf, B. Wolf, C. Leitherer, I. Appenzeller, O. Stahl, B(e)-supergiants of the
Magellanic Clouds. A&A. 163, 119–134 (1986)



Chapter 11
The Supernova Impostors

Schuyler D. Van Dyk and Thomas Matheson

Abstract The “supernova impostors” in nearby galaxies mimic the appearance of a
true supernova, but rather than a terminal explosion, the impostors appear to be mas-
sive stars that have undergone a powerful eruption. Several of these have energetics
comparable to true supernovae, and may, in fact, be analogous to the Great Eruption
of η Carinae in the 1800s. We distinguish the observed characteristics of impostors
from true supernovae. We discuss in detail the prototypical impostor, SN 1961V.
We also discuss other known examples where available data imply that these are
also impostors. Finally, we connect the impostors to true supernova events—in other
words, several recent supernovae appear to have progenitors which experienced high
mass-loss events immediately prior to explosion, with one case clearly having an
impostor-like eruption only 2 years before discovery as a supernova. The supernova
impostors represent rare instances of analogs to η Car and other known luminous
blue variables from which we can acquire important insight into the final stages in
the evolution of very massive stars.

11.1 What are Supernova Impostors?

The post-main-sequence evolution for stars with MZAMS ∼> 30–40 M� is thought
to progress (depending on MZAMS) through a blue supergiant phase, possibly to
a red supergiant phase, or directly to a short-lived luminous blue variable (LBV)
phase, to become H-poor or H-free Wolf-Rayet (WR) stars preceding termination
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as supernovae (SNe), e.g., [61, 79, 115]. The most massive stars, with MZAMS ∼>
60 M�, may proceed directly to the pre-SN, pre-LBV, H-rich WNL, or “WNH,”
phase without becoming red supergiants [48,104]. Since WR stars have M ∼< 20 M�
[23], their high-mass progenitors must lose most of their mass through eruptive
mass ejections [107], probably as LBVs. Powerful eruptions of massive stars, such
as η Carinae (e.g., [25] and Humphreys and Martin this volume), are often referred
to as “supernova impostors,” e.g., [124], because some observational aspects can
mimic the appearance of a true supernova (SN). During the Great Eruption from
1837 to 1858 of η Car (Mini > 150 M�), the star greatly exceeded the Eddington
limit, with the bolometric luminosity increasing by ∼2 mag. The total luminous
output of such an eruption (∼1049.7 erg) can rival that of a SN, to such a degree
that some impostors initially are assigned designations, historically, as SNe. A SN
is an explosive event that ends the life of a star, although a compact object may form
in the process. This is the one key distinction from the impostors. If, after a bright
optical transient is observed, a star remains present, then it is an impostor (see, e.g.,
the discussion of SN 1961V, Sect. 11.2). Not all impostors are as powerful as η Car;
some cases are more like the “classical” LBVs (e.g., S Dor, AG Car, R 127), where
the bolometric luminosity remains nearly constant during an eruption, as the star’s
envelope expands or its wind becomes optically thick and the apparent temperature
cools to ∼7000–8000K, see Chap.10.

Spectroscopically, LBVs at quiescence have the spectra of hot (12000–30000K)
supergiants, with H and He I lines in emission, often with P Cygni profiles, or
in some cases, such as R 127, they are Of/WNL stars. At visual maximum, the
optically thick, slowly expanding (∼100–200km s−1), dense (∼1011 cm−3) wind,
or “pseudo-photosphere,” causes the spectrum of the otherwise-hot star to appear as
a much cooler, F-type (∼7,000–8,000K) supergiant. Fe II and [Fe II] emission lines
are often present in quiescence or eruption, or both. Many LBVs show evidence
for circumstellar matter (CSM); see Weis, this volume. The dusty “Homunculus”
around η Car, which obscures the light from the star, is the extreme example.

Knowledge of how a SN appears spectroscopically and photometrically is neces-
sary to distinguish the impostor from the “real McCoy.” SNe have traditionally been
classified by the features present in their spectra near maximum brightness [80].
The original distinction between types I and II was based on the appearance of the
hydrogen lines. The characteristics of SNe are summarized in Table 11.1, and the
various types are illustrated in Fig. 11.1 with representative light curves in Fig. 11.2.
For more complete reviews of SN classification, see, e.g., [35, 121].

The impostors are sometimes mistaken for a subset of SNe II referred to as
“IIn,” where “n” is for “narrow” [97]. The coincidence of a hydrogen envelope with
similar kinetic energies makes the spectrum of the strong Balmer lines, typically
a narrow emission profile atop an “intermediate width” base (with velocities of
∼1,500–2,000km s−1, [110]) look similar for both the SNe IIn and the impostors.1

1The impostor spectra do appear unusual, though, relative to the prototypical SNe IIn, e.g.,
SN 1988Z [122], SN 1995N [42], and SN 1998S [43].
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Table 11.1 Summary of SN types

Type Defining spectral
characteristics

Progenitora Circumstellar
interactiona

Ia No Hydrogen, strong Silicon II

absorption, IMEb
White dwarfc + ? No?d

Ib No Hydrogen, strong Helium I

absorption
WR? mass-transfer binary? Yese

Ic No (or weakf) Hydrogen, no (or
weakf) Helium

WR? mass-transfer binary? Yese

II-Pg Hydrogen, P Cygni emission
profiles

Red supergiants (∼<20 M�)h Yesi

II-Lj Hydrogen, only broad emission Red hypergiants?k Yesl

IIbm Hydrogen, then Helium (then
Hydrogen)

Mass-transfer binary?n Yeso

IIn Hydrogen, narrow/intermediate-
width emission

LBVs?p Yes?q

aQuestion marks indicate the current uncertainty in our knowledge. bIME= intermediate
mass elements. cThermonuclear disruption near Chandrasekhar limit [10, 82]. dE.g., [1, 19].
eE.g., [13, 14]. fE.g., [32]. gLight curve type “Plateau” [3]. hE.g., [100]. iThe interaction
is weak; e.g., [14, 16]. jLight curve type “Linear” [3]. k[31]. lE.g., [14, 15, 81]. mE.g.,
SN 1993J [4, 36, 55, 68, 73, 74, 77, 78, 138]. nE.g., [75]. oE.g., [14, 134]. p[44, 45]. qE.g.,
[14, 18, 42, 122, 136]; however, see [125]
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Fig. 11.1 Optical spectra of the main types of SNe, observed near maximum brightness

The lines are narrow in the SNe IIn, presumably because of shock/circumstellar
matter interactions, e.g., [122], resulting in luminous and long-lived radio, X-ray,
and optical emission, e.g., [14,15] (although see [125] regarding the radio emission).
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Fig. 11.2 V -band absolute light curves for the main types of SNe: SN 1995al (Ia, circles; [96]),
SN 1999em (II-P, triangles; [64]), SN 1994I (Ic, squares; [95]), SN 1994Y (IIn, stars; [47]), and
SN 1987A (II pec, pentagons; [12, 117])

SNe IIn constitute ∼5% of all SNe and so, are relatively rare [11,66]. In the cases of
SNe 1988Z [2, 136] and 1995N [42], various indicators suggest that the progenitor
was a very massive star—in fact, based on the circumstellar interaction of the latter,
the implication is that all SNe IIn may originate from high-mass red supergiants, or
hypergiants, experiencing a superwind phase, such as VY CMa and IRC + 10420
[42]. The latter star, which is more yellow than red, e.g., may be making a transition
to the LBV phase [51]. For the progenitor of SN IIn 2005gl, Gal-Yam et al. [44,45]
have shown that SNe IIn may be associated directly with hypergiant stars, which
may have undergone LBV-like eruptions.

The absolute luminosity is, therefore, the best means to distinguish between a
true SN and an impostor, if the distance of the host galaxy is known. The impostors
peak near an absolute magnitude MV ≈ −14, e.g., [48], while SNe IIn have peak
absolute magnitudes around MV ≈−19, e.g., [2, 33, 35]. Even so, mistakes are still
made, as is clear from the discussion, below, of individual SN impostors.

Two of the best-known, best-studied impostors are SN 1954J in NGC 2403 [59]
and SN 1961V in NGC 1058 [139], identified as members of Zwicky’s now-obsolete
“Type V” SN classification [140]. Until the early 1970s, η Car itself was considered
to be a slow, peculiar SN [84] of Type V [139]! SN 1961V is the “classical
prototype.” With caveats that this is not necessarily a complete list, more recent
examples of impostors include SNe 1997bs (often looked upon as the “modern
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prototype”), 1999bw, 2000ch, 2001ac, 2002kg, 2003gm, 2006fp, 2006qq, 2007sv,
2009ip, 2010C, 2010da, 2010dn, NGC 1511-OT1, SNHunt23 and SNHunt32,
both in NGC 3016, PSN J10523453+2256052, PSN J17592296+0617267, PSN
J12304185+4137498, and PSN J12355230+2755559. It has been argued that
SNe 2002bu and 2006bv may also be impostors [119]. Other related objects, not
strictly mistaken for SNe, include NGC 2363-V1, UGC 2773-OT20091, and the
“possible SN in NGC 4656” from 2005. The natures of SN 2008S, M85 OT2006-1,
and NGC 300 OT2008-1 are still, as of this writing, being hotly debated, and we do
not discuss these here. SN 2010U has been shown to be a luminous nova [54]. We
also argue, below, that SN 2003hy is probably not an impostor, but an actual SN.

Like η Car, the precursor star for each impostor is expected to survive the
eruption and return to relative quiescence. Therefore, a primary goal of studying the
impostors is to recover the survivor. We have also had the incredibly good fortune
in a few cases of detecting the precursor star prior to the outburst or eruption. The
Hubble Space Telescope (HST) has been particularly invaluable in our efforts so
far in “unmasking” the impostors, since they are occurring well outside the Local
Group. Information about the environments of these events can also provide clues
about these stars: η Car itself sits in the cluster Trumpler 16, with some of the most
massive stars known, in one of the most stunning regions of our Galaxy, the Carina
Nebula [25]; see Walborn this volume.

Since SN impostors are massive stars, we expect them at some point to explode.
Recent examples exist of actual SNe (mostly, IIn) whose progenitors were likely SN
impostors. As such, the comparison of SNe and SN impostors comes full circle.

11.2 SN 1961V: The Prototypical Impostor

The spectrum (Fig. 11.3) and light curve (Fig. 11.4) of SN 1961V in NGC 1058
were highly unusual. The early-time optical spectrum of SN 1961V was dominated
by narrow emission lines of H, He I, and Fe II (indicating a relatively low maximum
expansion velocity of ∼2000 km s−1 [139]), similar to the SNe IIn [35, 97].

Bertola [5] and Zwicky [139] inspected Lick, Mt. Wilson, and Palomar pre-SN
photographic plates of the host galaxy, dating from 1937 to 1954, and located a
mpg ≈ 18 mag star at the site of SN 1961V. At the host galaxy distance (adopting
9.3 Mpc, the Cepheid distance to NGC 925, in the same “NGC 1023” group as
NGC 1058 [99]), the precursor star is an incredible Mpg ≈ −12 mag, implying it
was the most luminous known star in any galaxy. Utrobin [123] modelled the SN’s
unusual light curve as the explosion of a (almost certainly improbable) 2000 M�
star! Bertola’s [6] long-term photometric monitoring, however, showed that the SN’s
colors remained relatively constant, resembling those of an F supergiant.

The SN 1961V environment is among one of the most fascinating, with several
luminous supergiants and much nebulosity, possibly in the form of an extended H II

region, filaments, and bubbles, not unlike that of η Car itself (the Carina Nebula).
This is a conspicuous region of recent star formation toward the outskirts of the host
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Fig. 11.3 Optical spectra of the SN impostors, compared to the spectrum of the SN IIn 1998S.
The SN 1998S spectrum was obtained near maximum. The epochs for the impostors spectra are
as follows: SN 1961V, 1961 Nov 12 [7]; SN 1997bs, 1997 Apr 16 [127]; SN 1999bw, 1999 Apr
24; SN 2000ch, 2000 May 31; SN 2001ac, 2001 Mar 14; and, SN 2002kg, 2003 Jan 6 [130]. No
spectral data exist for SN 1954J

galaxy’s bright disk. No other H II regions in the host galaxy exhibit detectable
20 cm radio emission [9]. The high [O III]/Hβ ratios indicate a high-excitation
region, and the metallicity is subsolar [46].

It has been contentious whether this star has survived and is now detectable.
Using groundbased images from 1983 with 1′′ resolution, Fesen [34] identified
a faint knot of Hα emission very near the accurate SN position [57], in the
easternmost of two H II regions (each separated by ∼4′′, with logLHα ≈ 37.2 [46]).
In 1984 Branch and Cowan [9] detected a source of nonthermal radio emission with
the Very Large Array (VLA) very near the optical SN position. The conclusion
they reached was that this emission was from an aging (radio) SN, or very young
remnant, corresponding to SN 1961V. However, Lick spectra of the SN environment
from 1986 show an intermediate-width (≈2100 km s−1 FWHM) base to otherwise-
narrow, unresolved Hα emission-line profile at the SN position [46]. This indicated
that SN 1961V should not be considered a true SN, but a possible η Car analog,
behind high circumstellar extinction.

In 1991 Filippenko et al. [37] obtained VRI images of the field of SN 1961V
with the pre-refurbishment HST/WFPC, detecting an apparent cluster of ten stellar-
like objects, all within ∼5′′. From those relatively low-quality data, they isolated
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Fig. 11.4 Absolute light curves for the SN impostors, compared to the light curve of η Carinae
during its Great Eruption

“Object 6” in that field as the most likely contender for the survivor of the 1961
super-outburst, although other stars in the environment could not be completely
excluded based on astrometry alone. This presumably blue star (with V ≈ 25.6 mag)
now appears to have the colors of a red supergiant, possibly as a result of substantial
dust (AV ≈ 4 mag).

If SN 1961V were a giant LBV outburst, this still could not explain the
nonthermal radio emission (η Car is a thermal bremsstrahlung radio source; e.g.,
[22]). Stockdale et al. [114] confirmed the nonthermal radio emission with more
recent (1999/2000) VLA observations and, furthermore, it appeared that the source
had declined in flux since the previous radio observations: The inference was that
SN 1961V is a fading, core-collapse radio SN. If the radio source were the SN, then a
fainter, red object in the environment, “Object 11,” could be the optical counterpart,
based on shallow, archival HST/WFPC2 images containing the SN site [128].

Chu et al. [17] subsequently obtained HST/STIS G430M and G750M grating
spectra (along with an unfiltered 50CCD image) of the environment in 2002, to
search for the old SN. What was detected, instead, was the spectrum of exactly
one point source within the slit, exhibiting exactly one bright emission line—that
of Hα , with a broad line profile of width up to 550 km s−1. The spectrum most
closely resembles that of η Car [17]! The spectrum of a decades-old SN would more
likely be dominated by emission lines, such as [O III] λ 5007, with much higher
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velocities, >2,000 km s−1 (e.g., SN 1957D [67]). Although the STIS astrometry is
inconclusive, it appears that the spectrum can be attributed to Filippenko et al.’s
“Object 7” and is a possible LBV in the field, but not necessarily SN 1961V [17].
Nonetheless, if there were an old SN in the field, detectable optical emission should
accompany the nonthermal radio emission for SNe (e.g., [15]).

Further analysis of the existing data [124] showed that the accurate optical
position of SN 1961V [57] is most coincident with Object 7. The nonthermal
radio emission does not appear that well correlated with the stellar objects in
the environment. It may be synchrotron radiation generated within what appears
to be a complex, turbulent ISM. The existing STIS 50CCD image [17] hints at
the spectacular interstellar environment. The fact that the radio source was at
0.091± 0.005 mJy at 6 cm in 2000, based on a remeasurement of those data [124],
and 0.11± 0.03 mJy in 1986 [21] raises the question whether the radio flux had
actually declined.

Although an η Car-like star has been detected in the SN environment, it has
been uncertain if it can be directly linked to a survivor of the 1961 outburst.
Our knowledge hinged on multi-band photometry of stars from Lucy-Richardson-
deconvolved WFPC images, from disparate WFPC2 archival images of relatively
low signal-to-noise ratio (S/N), the low S/N STIS spectrum, and the unfiltered STIS
50CCD image (with no color information). If Object 7 [37], the one closest to the
accurate optical position measured for the SN, is responsible for the broad Hα
emission line seen in the STIS spectrum, such emission could easily account for
the observed excesses in the WFPC/F702W and WFPC2/F606W bands (Fig. 11.5).
The star appears most consistent with a luminous, blue star behind circumstellar
extinction of AV ≈ 1.5–2 mag, with a more realistic M0

V ≈ −7 mag (Fig. 11.6). If
it experienced only moderate extinction (AV ≈ 0.5 mag), the star would have the
intrinsic colors and brightness (M0

V ≈ −6 mag) of an A-type supergiant, however,
then it would be difficult to account for the broad Hα emission if this star is the
source.

A source was detected in HST/WFPC2 images from 2008 at the position of
Object 7 at mF555W = 24.70 and mF658N = 20.45 mag. Comparison of the F555W
magnitude with that from Filippenko et al. [37] and with the F606W magnitude
from Van Dyk et al. [128] shows that this object may have declined somewhat in
brightness in that band. If we consider a model for the Hα emission, consisting of a
line with a Lorentzian profile of FWHM ∼310 km s−1 (a model which provides
an approximate fit to a STIS spectrum of η Car A), then the integrated flux
in this hypothetical line that could account for the observed F658N brightness
is ∼ 7.5 × 10−16 erg cm−2 s−1. Assuming a distance to η Car of 2.3 kpc and
AV ∼1.7 mag to the central star [25], and AHα = 0.81AV [132], the extinction-
corrected observed Hα flux of η Car [69] agrees astonishingly well with that from
Object 7, when scaled to the assumed distance to SN 1961V. We consider it, based
on these data, to be highly suggestive that Object 7 is, indeed, the η Car-like survivor
of SN 1961V.

Much of the light we see from η Car is reflected by dust in the Homunculus.
Since the formation of dust occurred in the Homunculus soon after the cessation
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Fig. 11.5 Color-color diagram for the SN 1961V environment based on photometry derived from
Lucy-Richardson-deconvolved WFPC images [37]. Stars nearest the SN position are shown as
filled squares; the open squares are the other stars in the field. The solid line is a reddening vector
to AV = 5 mag. The dashed line is the locus for the supergiants

of the Great Eruption [53, 101, 105], we might expect the impostors to also show
evidence for dust emission. This should be particularly true for SNe 1961V and
1954J (see Sect. 11.3.1), which are older events and, at least in the case of SN 1954J,
show evidence for a dusty Homunculus-like nebula. We have examined the available
archival image data from 2004 to 2007 obtained with the Spitzer Space Telescope
in the mid-infrared for NGC 1058, and find that a source is detected in the
SN 1961V environment in the IRAC wavebands at fluxes <3 μJy at 3.6 μm, <5 μJy
at 4.5 μm, 51 μJy at 5.8 μm, and 150 μJy at 8.0 μm (Spitzer images in the longer
wavelength bands do not have sufficient spatial resolution to distinquish sources
in the impostor environments). Such a source is consistent with a blackbody of
temperature T ≈ 350 K. However, the source is not spatially coincident with either
Objects 6 or 7, but, instead, with Object 8 (cf. [37])2.

2Editor’s note: After this chapter was finished Kochanek et al. [58] also noticed the apparent lack
of dust emission and suggested that SN 1961V was therefore a true SN and not an impostor.
Although, the question of whether all of these objects should necessarily produce dust, depending
on the nature of the eruption, is not known. Van Dyk and Matheson [131] continue to argue for
impostor status for SN 1961V.



258 S.D. Van Dyk and T. Matheson

Fig. 11.6 Color-magnitude diagram, based on photometry derived from Lucy-Richardson-
deconvolved WFPC images [37], showing Objects 6 and 7. Object 7 is shown with one estimate of
reddening (E(B−V ) = 0.15 mag [37]) and another derived from Fig. 11.5 (E(B−V ) = 0.48 mag).
Also shown are theoretical evolutionary tracks for subsolar metallicity and enhanced mass loss
[63]. Note that if Object 7 is SN 1961V and the star corresponding to the broad Hα emission in
the HST STIS spectrum [17], i.e., an η Car analog, it could be very massive (MZAMS ∼> 20 M�)

11.3 Other Impostors

11.3.1 SN 1954J/Variable 12

The identification of SN 1954J in NGC 2403 as a genuine SN has always been debat-
able, since no spectra of it exist. Its peculiar light curve (Fig. 11.4) showed similari-
ties to the one for SN 1961V, leading it to be classified [60] as a SN of Type V [140].
Based on its unusual light curve, it had been identified as an irregular blue variable,
Variable 12 (V12) [118]. In quiescence the star had B ≈ 21 mag, and between 1949
and 1954, the star fluctuated in brightness, at one point becoming the brightest star
in the host galaxy, at B ∼< 16.5 mag. It subsequently faded below its pre-outburst
state by late 1954. SN 1954J/V12 had behaved quite unlike any genuine SN [50].

Smith et al. [108] identified an object through ground-based, multi-band optical
and near-infrared imaging, which they considered the post-outburst survivor star.
This object was later confirmed by Van Dyk et al. [129] via further ground-based
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imaging with the Keck-I 10-m telescope and the 2.56-m Nordic Optical Telescope,
as well as a Keck spectrum of the source. The line shape and equivalent width of the
broad Hα emission line, the only line in the spectrum, appear very similar to those
of η Car. Van Dyk et al. [129] further imaged the source with HST in BVI and Hα ,
and found that the ground-based image is really a composite of four stars.

One of the stars showed a clear excess of emission in the HST Hα image,
relative to the other three stars, and is therefore logically the source of the Hα
line in the spectrum, based on the offset from a fiducial star in the field, which
also was on the slit during the Keck spectroscopy [129]. The broadband colors of
the Hα-excess object are consistent with G-type star with little reddening, and its
observed brightness indicates it has to be a supergiant. It is difficult, however, to
account for the presence of the broad Hα in a G-type supergiant spectrum, although
yellow hypergiants with emission line spectra do exist. This “Star 4,” however,
could also be a reddened, early-type supergiant, i.e., a very luminous O-type or
early-B star hidden behind a dusty (AV ≈ 4 mag) shell or LBV-like nebula (with
R(Hα)≈ 0.1 pc), much like η Car and its Homunculus [129]. The shell could have
been ejected during the 1954 event. After correcting for this assumed reddening,
the intrinsic colors ((B−V )0 = −0.22 and (V − I)0 = −0.21 mag) and brightness
(MV

0 ≈ −8.0 mag) are consistent with the evolutionary tracks of stars with initial
mass Mini ∼> 20 M�. This star is, thus, the likely luminous, massive survivor of the
SN 1954J/V12 eruption [129]. The other stars in the SN 1954J/V12 environment
appears to be a sparse cluster of roughly coeval, massive supergiants.

A mid-infrared source is detected in the SN 1954J environment with Spitzer
/IRAC in 2004, at fluxes 63 μJy at 3.6 μm, 40 μJy at 4.5 μm, ∼<80 μJy at 5.8 μm,
and ∼<320 μJy at 8.0 μm. This can be fit by a T � 4,000 K blackbody with a
luminosity L � 2.0× 1039 erg s−1 and radius R � 1.0× 1014 cm. It is, however, not
certain whether this source is associated with SN 1954J; it could well be emission
from one of the other supergiants in the environment.

11.3.2 SN 1997bs

SN 1997bs in NGC 3627 (M66) has been discussed elsewhere in detail [126,
127]. The spectrum resembled that of a SN IIn, with relatively narrow (FWHM
� 1000 km s−1) Balmer emission lines on a featureless continuum, and many
weaker Fe II emission lines (Fig. 11.3). However, both the luminosity and the BVRI
light curves, based on monitoring with the 0.75-m Katzman Automatic Imaging
Telescope (KAIT [39]) and, at later times, from HST data, were unusual (Fig. 11.4).
At maximum SN 1997bs was only at MV �−13.8 mag.

One of the notable discoveries about SN 1997bs was Van Dyk et al.’s [126]
identification of a star at the position of the SN in a HST F606W image from 1994
December. This star had mF606W = 22.86 mag. Assuming the estimated E(B−V ) =
0.21 mag, and that mF606W ≈ V , the star had MV � −8.1 mag, qualifying it as an
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extremely luminous supergiant star [49]. Unfortunately, without an additional band,
no color information exists for the star, and we therefore do not know the original
spectral type of the outburst precursor. However, the outburst spectrum at maximum
is consistent with a hot star. Based on the V -band alone and considering the range of
possible spectral types for supergiants, the star had Mini > 20 M� and Teff > 6,300 K,
i.e., hotter than spectral type F6 [124]. If it were an O- or B-type supergiant, as
expected for LBVs, the optically thick cooler wind, or pseudo-photosphere, formed
during the eruption, would approach a minimum temperature of ∼6,500–7,000K,
i.e., an A- or F-type supergiant, as the optical depth increases [24, 48], consistent
with the color of SN 1997bs near maximum.

The evolution of the SN 1997bs light curves was fairly smooth. The color became
progressively redder as well, from V − I � 0.62 mag at V maximum, to V − I =
1.43 mag at the end of KAIT monitoring, to the reddest measured, V − I ≈ 3.4 mag,
in 1997 December, based on the HST data. SN 1997bs subsequently became bluer,
at V − I ≈ 3 mag in early 1998 [127]. In additional HST/WFPC2 imaging in 2001,
SN 1997bs was still detected, albeit 2.9 mag fainter than the precursor [127], and
had apparently become much bluer with V − I < 0.8 mag (V [F555W] ∼25.8 mag
and undetected at I; [65]).

The fact that the observed color became as red as a M star may indicate the
formation of dust in or around the pseudo-photosphere. This dust could have been
destroyed, as the star’s observed color subsequently became bluer while fading to
minimum between 1998 and 2001.3 If dust formed during the SN 1997bs outburst,
we might be able to detect evidence for it in available infrared image data. Mid-
infrared emission is detected near the position of SN 1997bs in Spitzer IRAC
images from 2004 May of the host galaxy, with 32 μJy at 3.6 μm and 40 μJy at
4.5 μm, and undetected at 5.8 μm and 8.0 μm. This can be fit by a T � 970 K
blackbody with a radius R � 1.4× 1015 cm and luminosity L � 1.2× 1039 erg s−1.
It is not absolutely certain that this emission was arising from SN 1997bs, but
the positional coincidence is fairly high. In a near-infrared image obtained at the
Palomar Observatory Hale 5-m in 2005 January, SN 1997bs is not detected to
Ks ∼> 19.7 mag (∼<9 μJy), consistent with this assumed blackbody emission.

The evidence that the star survived what appears to have been a powerful eruption
is quite strong. In HST/ACS F555W and F814W images obtained in 2009 of the
host galaxy, the star was recovered, at mF555W = 26.08 and mF814W = 25.08 mag.
The brightness and color are both consistent with the previous detection in 2001. It
is interesting that when the star was detected prior to outburst, it was much brighter
than at the observed minimum. It is possible that by 1994 the star was already in
some pre-eruptive phase.

The precursor star is not in an H II region or obvious association of blue stars.

3Editor’s note: Given this star’s fading by nearly 3 magnitudes below the apparent brightness of the
precursor, together with its color evolution from red to a bluer color as it got much fainter, suggests
that the dust grains may be large, producing obscuration without significant reddening, similar to
η Car [25].
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11.3.3 SN 2000ch

SN 2000ch in NGC 3432 had been studied in some detail by Wagner et al. [133]. The
object was discovered using KAIT in 2000 May [85]. The light curve, monitored
primarily by KAIT and United States Naval Observatory telescopes, was highly
erratic, varying between R = 17.4 and R = 20.8 mag (Fig. 11.4). At maximum,
SN 2000ch reached M0

R ≈ −12.7 mag. The deep minimum in its light curve after
maximum may have been the result of dust formation, an occultation, or from the
growth of an optically thick, cooling, envelope.

The spectra of SN 2000ch all showed strong Balmer emission on a relatively
flat continuum, with a Hα FWHM of ≈1,550 km s−1 (Fig. 11.3). However, the
spectra lacked Fe II and [Fe II] emission lines, as well as P Cygni-like profiles, which
are generally characteristic of LBVs in both outburst and quiescence. The general
absence of forbidden lines, particularly [O I], indicated very high electron densities
of 109–1010 cm−3 in the ejecta . From this density, and the Hα luminosity, a radius
for the emission region could be calculated, at ∼0.2 pc, comparable to the size of
η Car’s Homunculus [133].

The UBV colors for SN 2000ch were relatively constant. The observed blue color
excess is possibly attributable to Balmer continuum emission. Color variability was
observed in V −R and R− I, likely reflecting changes in the Hα emission strength.
The locus of SN 2000ch in the (U − B, B −V ) color-color diagram throughout
its outburst was close to the blackbody line, which is true for LBVs, including
η Car. Archival imaging prior to the discovery (1996–2000) show that the star
had R ≈ 19.4 mag, implying that, pre-outburst, the star had an astounding M0

R =
−10.7 mag. Together with the maximum brightness, if the star were constrained by
the Eddington limit, its mass M ∼> 40 M� [133].

We recovered SN 2000ch in images obtained at the Palomar 5-m, with R= 19.39,
B−V = 0.29 and V − R = 0.95 mag in 2004 May and Ks = 18.21 mag in 2005
January (although the source is somewhat blended; see below). The R brightness
is consistent with the pre-outburst value; the star was in relative quiescence, but
was still extraordinarily luminous. The B−V color is similar to that during outburst
[133] and is consistent with a late F-type star (without correcting for reddening).
The V − R color is significantly redder than during outburst [133], possibly
indicating that the emission line strengths, particularly at Hα , had increased further.
A continuum-subtracted Hα image, also obtained at Palomar (along with the
broadband images), shows SN 2000ch to be a very luminous source at Hα at late
times. The excess at R is consistent (to within a factor of 2) with the net Hα
(+[N II]) flux in this image, plus a late-F star continuum. The Ks brightness for
the star is ∼1 mag brighter than what one would expect for a late-F star, implying
an infrared excess, possibly from dust in the nebula around the star.

In Spitzer IRAC images of the host galaxy from 2007 December we detected
a mid-IR source with 63 μJy at 3.6 μm, 50 μJy at 4.5 μm, 41 μJy at 5.8 μm,
and 18 μJy at 8.0 μm. It is somewhat unclear whether or not this emission is
associated with SN 2000ch. The emission at Ks, mentioned above, e.g., is not
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strictly coincident with the mid-infrared emission. The mid-infrared source is
consistent with a blackbody at ∼2,500 K, which corresponds to luminosity L =
1.3×1039 erg s−1 and radius R = 2.1×1014 cm. We note that these are quite similar
to the properties of the dusty cocoons around the luminous supergiants NML Cyg
and VY CMa [52].

SN 2000ch has recently exhibited subsequent outbursts [30,89]. High-resolution
images of SN 2000ch and its immediate environment have also been obtained with
HST during its revived/ongoing outburst. SN 2000ch is in an obvious cluster of
stars. Analysis of its stellar environment in these images is clearly needed to better
understand this object’s star’s nature and possible evolutionary state.

11.3.4 SN 1999bw and SN 2001ac

Comparatively far less is known about SN 1999bw in NGC 3198 and SN 2001ac
in NGC 3504, discussed briefly by Matheson [71]. SN 1999bw had spectral
characteristics similar to SN 1997bs and was also quite subluminous for a true
SN [38]. SN 2001ac showed a blue continuum and narrow Balmer emission lines,
without the broad component, and also resembled SN 1997bs more than a true SN
IIn [72]. We show spectra for both of these in Fig. 11.3, but early-time photometry
is available only for SN 1999bw [65].

Li et al. [65] identified a V � 24.1 mag source with the late-time (2001 January)
detection of SN 1999bw, based on HST/WFPC2 imaging. However, we have
reanalyzed these WFPC2 data, imposing a more accurate astrometric grid on the
F555W image and remeasuring the accurate SN position (which differs from the
published one by 0.′′6), and find that the actual SN position is 1.′′0 to the southwest
of this identified source. No source is therefore detected in the WFPC2 image at the
SN position at that epoch to V ∼> 26.4 mag. For a distance modulus μ0 = 30.80 mag
(distance 14.5 Mpc) [56] and extinction AV = 0.04 mag [98] toward the host galaxy,
this magnitude limit constrains the luminosity of any survivor to M0

V ∼> −4.4 mag.
In a HST/ACS F606W image from 2006 October, there may be one source with
V � 27.6 mag, and two with V � 27.9 mag, within the positional uncertainty. No
source is detected within the positional uncertainty of the SN from that epoch in
the F658N (Hα) band as well. If none of these is SN 1999bw, then the limit to
any survivor may be as faint as M0

V ∼> −3 mag. We stacked the WFPC2 F606W
and F814W images from 2008, but no source is detected exactly at the SN’s
position; we have not yet estimated a luminosity limit for any survivor, based on
these data.

Curiously, despite the lack of a visible detection of a survivor, a source near the
position of SN 1999bw is clearly detected at late times in archival mid-infrared
images obtained of the host galaxy in 2004 May with Spitzer [116]. The published
photometry is 0.02±0.01, 0.04±0.01, 0.11±0.02, and 0.19±0.04mJy at 3.6, 4.5,
5.8, and 8.0 μm, respectively. Sugerman et al. [116] fit the resulting spectral energy
distribution (SED) with a 450 K blackbody, of luminosity L = 6.2× 1038 erg s−1
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and a blackbody radius R = 1.6× 1016 cm in relative agreement with an assumed
∼1,000 km s−1 ejecta expansion. The inference from their modelling is that this
mid-IR excess arises from dust condensed within the SN ejecta. We have remeasured
the photometry from these images and obtain 12, 41, 126, and 295 μJy, respectively.
This implied SED can be fit reasonably well by a slightly cooler blackbody at
400 K, with a somewhat higher luminosity, 9.2×1038 erg s−1, and larger blackbody
radius, 2.5× 1016 cm. (We have not included any model for dust emissivity here.)
What is most striking, however, is that in subsequent Spitzer imaging in these same
wavebands from 2005 November to 2006 May, this source has significantly faded.
Additionally, from ground-based near-infrared imaging at the Palomar 5-m in 2005
January, SN 1999bw is not detected to Ks > 17.0 mag (<11 μJy). The transient
nature of this source strongly implies that it is SN 1999bw.

Such behavior of a fading transient, both in the optical and the infrared, may be
analogous to what has been recently found for SN 2008S [93]. (Again, it has not yet
been established whether or not SN 2008S is itself a SN impostor; e.g., [8, 111]).
In both cases, it is possible that a surviving precursor has become (once again) self-
obscured by dust. In the case of SN 2008S, its precursor was only detected at Spitzer
wavelengths [92]. Of course, no precursor for SN 1999bw (or, SN 2001ac, for that
matter) was detected at any wavelength.

Similar behavior may have been observed for SN 2001ac. In multi-band HST
/WFPC2 images from 2008 nothing is convincingly detected near the nominal
position of SN 2001ac; the closest object has mF814W = 24.6 mag at 3σ (MI ∼
−6.1 mag, for Galactic foreground reddening and an assumed distance to the host
galaxy of 13.6 Mpc). However, a source is clearly detected very near the SN position
with Spitzer/IRAC at 3.6, 4.5, and 5.8 μm (detection at 8.0 μm is less clear), also
in 2008. The mid-infrared emission from the source can be modeled as a blackbody
with T � 675 K, a radius 4.5× 1015 cm, and a luminosity 3.3× 1039 erg s−1.

11.3.5 SN 2003gm

SN 2003gm in NGC 5334, discovered at M0
R ≈ −14.4 mag, ∼1 mag brighter than

SN 2000ch at maximum (see Sect. 11.3.3). The spectrum of SN 2003gm showed a
featureless continuum dominated by narrow and broad Balmer emission lines [90],
without P Cygni profiles and without [N II] lines [76], similar to what was seen for
SN 2000ch. The strengths and widths of the Balmer lines decreased with time. A
late-time Keck spectrum of SN 2003gm obtained by Maund et al. [76] showed a
greatly reduced continuum and unresolved Balmer and forbidden emission lines
of comparable strengths which may not have been from the star, but from an
H II region in the star’s environment. There are very few photometric observations
of SN 2003gm. However, the assessment was that it is photometrically and
spectroscopically similar to SN 1997bs.

Maund et al. [76] identified the precursor of SN 2003gm in archival pre-outburst
HST WFPC2 images. The site of the precursor was precisely located using BVI
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HST ACS/HRC images. At the distance of the host galaxy and accounting for the
reddening toward SN 2003gm (E(B−V ) = 0.05 mag), the star had M0

V = −7.48,
comparable to the luminosity of the SN 1997bs precursor, and (V − I)0 = 0.8 mag,
which is consistent with a luminous F- or G-type supergiant. At discovery during
the outburst, the star thus increased by ΔmV ≈−7 and ΔmI ≈−5 mag, much more
than is expected for normal, or “classical,” LBVs. The initial mass of the supergiant
star was estimated to be Mini = 20 M� [76].

11.3.6 SN 2002kg/Variable 37

SN 2002kg in NGC 2403 was identified as a previously known irregular blue
variable (V37 [118]) in the host galaxy [124, 135]. A more detailed discussion is to
be found elsewhere [76,130]. A spectrum is shown in Fig. 11.3 and is characterized
by broad and normal Balmer emssion lines, without P Cygni profiles. The broad
component of the Balmer lines implies an expansion velocity vexp ∼ 390 km s−1,
consistent with the wind velocities of LBVs. The spectrum showed strong [N II]
emission, with weaker Fe II and [S II] emission, but no lines attributable to oxygen.
Uncharacteristic of SN spectra were the appearance of various absorption lines, e.g.,
Ca II, Si II, Na I, which faded in strength with time.

The light curve is highly erratic and unusual, relative to normal behavior for
a SN, reaching only M0

R ≈ −10.2 mag. Similar to SN 2000ch, it showed a broad,
pronounced dip, possibly as a result of changes in opacity in the ejecta. Interestingly,
the spectrum near maximum resembled that of S Dor at minimum (see [70]).
SN 2002kg/V37 is thus likely an S Dor-type LBV [130, 135]. At outburst it
developed an optically thick, expanding pseudo-photoshere, with the spectrum and
colors of a late A- to early F-type supergiant.

Van Dyk et al. [130] measured the properties of the V = 20.6 mag V37 prior
to the SN 2002kg event from high-quality ground-based, multiband imaging from
the Nordic Optical Telescope [62]. Assuming that the reddening to V37 is E(B−
V ) = 0.19 mag, the progenitor star was very bright, MV

0 = −7.4 mag, and blue,
(U − B)0 = −1.1 mag. Since for normal LBVs the bolometric luminosity does
not change during outburst, then, near maximum, when the apparent temperature4

Tapp � 8,000 K for the star and the bolometric correction is essentially zero, Mbol ≈
MV ≈−9.9 mag.5 The star’s luminosity and temperature at quiescence put it within
the “S Dor instability strip” on the HR diagram [48, 137]. V37’s initial mass is
estimated at Mini ∼> 40 M� [130].

4The effective temperature, Teff, of a LBV during outburst cannot be defined, since the radius, R,
of the star cannot really be measured; hence, the concept of an “apparent temperature,” Tapp, for
the star has been introduced [48].
5This assumes that the measurement of V = 18.3 mag in 2003 March is near maximum and the
color of the star, V −R ≈ 0.3 mag during outburst remained relatively constant.



11 The Supernova Impostors 265

Net Hα (+[N II]) emission was visible at the location of V37 prior to the
SN 2002kg outburst [130, 135] suggesting that V37 had an associated nebula
possibly from some prior eruptive event. No obvious cluster of stars is seen at the
site of SN 2002kg/V37. SN 2002kg/V37 is not detected in a deep coaddition of
Spitzer images of NGC 2403, obtained between 2004 and 2009, to very low limits
(≈few μJy) in all IRAC bands. This indicates that the dust emission at the site of
SN 2002kg/V37 must be quite faint. It is possible that the reddening to the precursor
has been overestimated, or, alternatively, that any pre-existing dust prior to outburst
has been significantly destroyed.

11.3.7 NGC 2363-V1

Although strictly speaking NGC 2363-V1 is not a SN impostor, since it was never
identified as a SN, mistakenly or otherwise, it has all of the characteristics of an
impostor. It was initially discovered in 1996 in HST/WFPC2 images of the giant
extragalactic H II region NGC 2363 in the nearby galaxy NGC 2366 [28]. NGC 2363
is similar to 30 Doradus in the LMC, in terms of size and luminosity, and the H II

region and the host galaxy are also subsolar in metallicity. V1’s spectrum is very
blue and is dominated by strong Balmer emission lines. The strong Hα , in particular,
is interpreted as indicative of a very high mass-loss rate. Drissen and collaborators
[28,29,91] have monitored V1 photometrically and spectroscopically with HST and
ground-based observations from 1997 to 2004. The star was fainter than V = 22 mag
prior to 1994, although it may have been present in 1995 in ground-based data from
the Canada-France-Hawaii Telescope. V1 peaked at V = 17.4 mag in late 1997,
which, at a distance of 3.44 Mpc and with low extinction, E(B−V ) = 0.06 mag,
corresponds to M0

V = −10.4 mag. The star has shown little visible variability,
gradually fading 0.3 mag from 1997 to 2004, but with a steady increase in the UV
flux over the same period, indicating an increase in temperature [29, 91].

Changes in the emission lines in the UV spectra from HST/STIS from 1997
to 2003 correspond to a significant increase in temperature and UV flux and
the appearance of a pronounced Balmer jump in emission [91]. There was no
corresponding decrease in the visual flux when the UV increased between 1997
and 2000, indicating an actual increase in the star’s total luminosity. The spectrum
transitioned from an apparent spectral type of ∼B6 in 1997 to ∼B0 in 2003. In the
UV, it resembles an early B-type supergiant, although without the expected P Cygni
profiles. Further indication of an increasing apparent temperature is the appearance
of strong He I lines in 2001. The Balmer lines decreased in strength between 1997
and 2004; the Hα line width reached a minimum (vwind ≈ 230 km s−1) in 2001, but
then subsequently increased, most likely due to changes in the wind and/or the wind
velocity.

V1 is a hot, very luminous star with a high mass-loss rate and a slow wind [91].
In the UV and optical, it most closely resembles P Cygni, i.e., an extreme B-type
supergiant, rather than η Car. However its outburst is not like that of a normal
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LBV/S Dor-type excursion in the HR diagram. Since 1994, V1’s total luminosity,
mass-loss rate and radius have increased, and since 1997 both the temperature and
luminosity have increased. It is thus more like a giant eruption, although the total
amount of energy involved is much less than η Car’s great eruption.

V1’s relative faintness prior to eruption suggests a rather low initial mass for the
progenitor compared to most LBVs and impostors. It is possible that the star may
have been obscured by dust. Any infrared emission from NGC 2363-V1 detectable
by Spitzer, though, is confused with the brightness of dust in the surrounding H II

region. The mass of ejected gas is small (∼<0.1 M�), so the amount of dust formed
during the eruption is also likely to be correspondingly small [91].

11.3.8 SN 2009ip and UGC 2773-OT20091

SN 2009ip in NGC 7259 and UGC 2773-OT20091 (or, UGC 2773-OT) have been
linked together, as a result of their discoveries within ∼ a week of each other.
However, the two are different in their observed properties and phases of variability.
They have been both discussed in detail elsewhere in two quite similar studies
[41,112]. What distinguishes these two objects the most is that their precursors were
both identified in pre-outburst HST optical images, and that data exist spanning
over years prior to each object’s outburst. All indications are that these are both
impostors. These extensive pre-outburst datasets are unprecedented for the study
of impostors in general. The spectrum of SN 2009ip near maximum showed a
hot (∼10,000 K) continuum with strong Balmer emission, of widths ∼550 km s−1

FWHM; the spectral appearance is similar to what was seen for SN 1997bs.
Blueshifted He I absorption indicated additional high-velocity (3000–5000km s−1)
gas. Smith et al. [112] interpret this as two shock regimes, fast and slow, arising from
the same eruption, analogous to the velocities observed for the Homunculus around
η Car. The spectrum of UGC 2773-OT had quite a different appearance, more
similar to S Dor in outburst, with a cooler (7000–8000K) continuum, relatively
weaker Balmer emission lines, and a forest of absorption lines. The emission line
widths and blueshifts of absorption features indicate wind speeds of ∼350 km s−1.

The erratic, “flickering” of both objects prior to outburst would imply that
both stars are related to LBVs or giant eruption LBVs. SN 2009ip, after reaching
maximum, swiftly declined in brightness by 3.2 mag, only to recover shortly
thereafter to its former brightness interpreted as interpret this as the sudden ejection
of an optically thick shell [112]. Foley et al. [41] interpret both the high-velocity
ejecta in SN 2009ip, as well as this rapid decrease and return of the object’s flux, to
be the result of multiple explosions in quick succession.

The precursor for SN 2009ip was an extremely luminous (an astounding MV ≈
−10 mag) star of initial mass ∼50–80 M� [112], while the UGC 2773-OT precursor
was estimated to be less luminous, MV ≈ −7.8 mag, and less massive, ∼20 M�
(∼>25 M� [41]).

UGC 2773-OT exhibited evidence of an infrared excess, which Smith et al. [112]
and Foley et al. [41] both ascribe to pre-existing circumstellar dust. They also
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interpret the presence of strong Ca II absorption, as well as [Ca II] and Ca II

emission, in the object’s spectrum has been as being due to destruction of the pre-
existing dust. However, it is more likely that the infrared excess arises from free-free
emission. Similar to the yellow hypergiant IRC + 10420 [51], the Ca II emission
likely results in the star’s wind via radiative de-excitation from the strong Ca II H
and K absorption upper levels, and the [Ca II] emission arises in a region beyond the
denser wind.

Whereas SN 2009ip occurred in relative isolation, as seen in the pre-outburst
HST images, UGC 2773-OT appears to be part of a putative stellar cluster; Foley
et al. [41] used the properties of these neighboring stars to place further constraints
on the precursor’s initial mass. Smith et al. [112] suggested that both SN 2009ip
and UGC 2773-OT are in between η Car and SN 1954J/V12 in terms of their
observed properties. Both objects could still be in an outburst phase as of this
writing. Indeed, SN 2009ip has just recently been reported to have experienced two
additional outbursts since July 2010 after subsequent fading [27].

11.3.9 SN 2003hy: Probably Not an Impostor

Matheson [71] discussed the interesting case of SN 2003hy in IC 5145. Its early
spectra resembled those of the SN impostors discussed above, with narrow emission
features atop broader Balmer emission, albeit with distinct P Cygni profiles.
However, its absolute magnitude (M ≈ −18 mag) was significantly brighter than
what we would expect for the impostors, and its spectra taken at later times more
closely resembled a core-collapse SN (see [71], his Fig. 2). The moral of the
SN 2003hy story is that continued, (semi-)periodic monitoring of these events (in
fact, of any normal SNe as well) is required, since now several objects, true SNe
or otherwise, have been “chameleons,” transforming their spectral appearance and
revealing possible surprises in their nature. However, it is intriguing to speculate
whether the early spectra of SN 2003hy were providing evidence for a high-mass
progenitor, possibly one that had gone through an LBV phase prior to explosion.
The SN ejecta had clearly interacted at early times with a dense shell of matter,
which was overrun at later times. In the next section we discuss recent SNe which
more distinctly show evidence for very massive progenitors that have η Car or LBV-
type eruptions prior to the terminal explosion.

11.4 The SN Impostor/SN Connection

Evidence is pointing to LBVs, or stars just evolving from the LBV phase, as
progenitors of some SNe, especially the SNe IIn. This naturally implies that SN
impostors may be the progenitors of real SNe. As highly massive stars, we would,
of course, expect the impostors to inevitably explode. The extreme luminosity of the
SNe IIn 2006gy in NGC 1260 [83, 109] and 2006tf in an anonymous galaxy [110]
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may well arise from the interaction of the SN shock with dense CSM immediately
surrounding the progenitor, resulting from extreme mass loss at ∼0.1 M� year−1 or
more, with a slow wind speed shedding ∼1–2 M� in the decades just prior to the
SN explosion. The CSM for these SNe may be initially so dense that it is opaque
to much of the radiation generated from the interaction [106, 110]. Such conditions
are very reminiscent of the giant eruptions of very massive, evolved stars, such as
η Car and the impostors.

Not all of these extremely luminous SNe are IIn by definition. The next most
luminous SN 2005ap is an unusual SN II [94], without the usual spectral signatures
of circumstellar interaction seen for SNe IIn. Another very bright SN, 2005gj, has
been considered one of the few SN Ia/IIn “hybrids” (e.g., [1]); however, evidence
has also been presented that it arose from the explosion of an evolved, hot star
[120]. Not all of the SNe possibly connected to LBV-like progenitors are necessarily
especially luminous. Due the similarity of the famous rings around underluminous
SN 1987A in the LMC to rings seen around the Galactic LBV HD 168625, Smith
[102] speculated the progenitor had an LBV-like eruption prior to explosion. It was
proabably a post-red supergiant like the less luminous LBVs [48].

N enhancement, relative to, e.g., O and S, in the CSM around impostors, such
as SN 2002kg/V37 [130], is consistent with gas rich in the products of CNO
processing, which is lost during the LBV phase (e.g, [61]), although N enriched
atmospheres are common in many O-type stars. Such N enhancements have also
been seen in the ejecta and CSM associated with the SNe IIn 1995N [42] and 1998S
[43]. Furthermore, it has been argued that both SNe IIn 1994W [20] and 1995G [18]
have CSM ejected in a “violent event” only years before explosion.

Is there more direct evidence linking LBVs, especially the impostors, and SN
explosions? Quite possibly. Two very striking examples now exist; SN 2006jc in
UGC 4904 and SN 2005gl in NGC 266. Although SN 2006jc was not a SN IIn,
but instead a peculiar SN Ib stripped of H and He (e.g., the immediate CSM with
which the SN was interacting soon after explosion is He-rich [40]). What appears to
have been a powerful outburst (with M0

R ≈ −14 mag) was identified at the location
of the SN just ∼2 years prior to the explosion [40,86]! Since we expect SNe Ib/c to
arise from single WR stars (in the case of SN 2006jc, most likely in the carbon-rich
WC stage), and LBV-like outbursts are not observed from WR stars, this may imply
that the SN 2006jc progenitor evolved very rapidly from the LBV phase, through the
WN phase, to become a WC star at explosion. This further implies that the star must
have been very massive. Gal-Yam et al. [45] nominally identified the progenitor of
SN IIn 2005gl as a luminous (M0

V =−10.3 mag) point source seen in pre-explosion
HST images, although it was not absolutely clear whether or not it was a single
star. However, if it were, the luminosity would indicate that it could be an LBV at
maximum. Based on late-time HST imaging of the SN, Gal-Yam and Leonard [44]
showed that the point source present before the explosion has since vanished, and
that spectra of the SN clearly show signatures of a pre-SN LBV outburst. This is the
first definitive case linking SNe (specifically, SNe IIn) to LBVs and SN impostors.

The SN IIn subclass itself spans a very broad range of properties (e.g., [35]).
Many SNe IIn, such as 1988Z, 1995N, and 1998S, are almost certainly associated
with the collapse of the core in high-mass stars. These show clear signatures of
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the interaction of the SN shock with a pre-existing, dense CSM. However, one
SN IIn, the very bright (MV ≈ −19.5 mag) 1994W, assumed to be the explosion
(albeit with a surprisingly low 56Ni yield [113]) of a star with an extended envelope
into a more extended, dense CSM [20], may not have been a core-collapse event
at all—it may merely be the energy released from the interaction of two massive
gas shells which were ejected 1.5 year apart from a very massive star [26]. The
energetics required appear to be very similar to that of the Great Eruption from η Car
and is distinctly reminscent of the SN impostors (although none of these events
has come close to −19.5 mag in brightness!). In particular, the star should survive
the multiple shell ejection/interaction [26]. The impostors themselves have been
mistyped as (confused for?) SNe IIn. The spectral characteristics of narrow emission
atop intermediate- or broad-width features for the Balmer lines, in particular, may
result from a variety of phenomena: stars undergoing eruptive mass ejections, a post-
eruption phase where dense shells collide, and, finally, the explosion of the star and
interaction with the pre-SN ejected matter. All of these phenomena may involve the
end times for very massive stars.

If LBVs, and therefore, SN impostors, become SNe, Smith [103] has suggested
that the LBV phase be of a longer duration (∼105 year) than expected from previous
estimates [48]. The longer timescale would allow the star to evolve beyond core
H burning for the explosion to occur. This also means that the LBV phase must
include periods of extended quiescence. The progenitor star must emerge from
quiescence and violently erupt not long, i.e., only years, before terminal explosion,
so that the SN ejecta encounter dense CSM early, as observed in SNe IIn, SNe Ibn
(e.g., SNe 2006jc, 2000er, 2002ao [87]), and transitional cases (e.g., SN 2005la
[88]). This would imply that some of the impostors could well be within years to
decades of exploding. It has already been over five decades since the outburst of
SN 1954J/V12! Continued periodic monitoring of these events is therefore clearly
warranted. Such monitoring will most likely happen, with the various dedicated
SN search programs continually observing the various nearby host galaxies. SN
impostors are particularly interesting as rare, nearby examples of very massive stars,
especially in this exciting, final phase of their lives.
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40. R.J. Foley, et al., SN 2006jc: a Wolf-Rayet star exploding in a dense He-rich circumstellar
medium. ApJ. 657, L105–L108 (2007)

41. R.J. Foley, et al., The diversity of massive star outbursts I: observations of SN 2009ip, UGC
2773 OT2009-1, and their progenitors. ApJ. 732, 32 (2010)

42. C. Fransson, et al., Optical and ultraviolet spectroscopy of SN 1995N: evidence for strong
circumstellar interaction. ApJ. 572, 350–370 (2002)

43. C. Fransson, et al., Hubble space telescope and ground-based observations of SN 1993J and
SN 1998S: CNO processing in the progenitors. ApJ. 622, 991–1007 (2005)

44. A. Gal-Yam, D.C. Leonard, A massive hypergiant star as the progenitor of the supernova SN
2005gl. Nature 458, 865–867 (2009)

45. A. Gal-Yam, et al., On the progenitor of SN 2005gl and the nature of Type IIn supernovae.
AJ. 656, 372–381 (2007)

46. R.W. Goodrich, G.S. Stringfellow, G.D. Penrod, A.V. Filippenko, SN 1961V: an extragalactic
Eta Carinae analog? ApJ. 342, 908–916 (1989)

47. W.C.G. Ho, et al., BVRI photometry of supernovae. PASP. 113, 1349–1364 (2001)
48. R.M. Humphreys, K. Davidson, The luminous blue variables: astrophysical geysers. PASP.

106, 1025–1051 (1994)
49. R.M. Humphreys, D.B. McElroy, The initial mass function for massive stars in the galaxy and

the magellanic clouds. ApJ. 284, 565–577 (1984)
50. R. Humphreys, K. Davidson, N. Smith, Eta Carinae’s second eruption and the light curves of

the eta Carinae variables. PASP. 111, 124–1131 (1999)
51. R. Humphreys, K. Davidson, N. Smith, Crossing the yellow void: spatially resolved

spectroscopy of the post-red supergiant IRC +10420 and its circumstellar ejecta. ApJ. 124,
1026–1044 (2002)

52. R.M. Humphreys, L.A. Helton, T.J. Jones, The three-dimensional morphology of VY Canis
Majoris. I. The kinematics of the ejecta. AJ. 133, 2716–2729 (2007)

53. R. Humphreys, K. Davidson, M. Koppelman, The early spectra of Eta Carinae 1892 to 1941
and the onset of its high excitation emission spectrum. AJ. 135, 1249–1263 (2008)

54. R.M. Humphreys, et al., SN 2010U: a luminous Nova in NGC 4214. ApJ. 718, L43–L47
(2010)

55. K. Iwamoto, et al., Theoretical light curves for the Type Ic supernova SN 1994I. ApJ. 437,
L115–L118 (1994)

56. D.D. Kelson, et al., The Hubble space telescope key project on the extragalactic distance
scale. XIX. The discovery of cepheids in and a new distance to NGC 3198. ApJ. 514, 614–636
(1999)

57. A.R. Klemola, Precise positions for two supernovae. PASP. 98, 464–466 (1986)
58. C.S. Kochanek, D.M. Szczygiel, K.Z. Stanek, The supernova impostor impostor SN 1961V:

Spitzer shows that Zwicky was right (again). ApJ. 737, 76 (2011)
59. C.T. Kowal, W.L.W. Sargent, Supernovae discovered since 1885. AJ. 76, 756–764 (1971)
60. C.T. Kowal, et al., The 1971 palomar supernova search. PASP. 84, 844–849 (1972)



272 S.D. Van Dyk and T. Matheson

61. N. Langer, et al., Towards an understanding of very massive stars. A new evolutionary
scenario relating O stars, LBVs and Wolf-Rayet stars. A&A. 290, 819–833 (1994)

62. S.S. Larsen, T. Richtler, Young massive star clusters in nearby galaxies . I. Identification and
general properties of the cluster systems. A&A. 345, 59–72 (1999)

63. T. Lejeune, D. Schaerer, Database of Geneva stellar evolution tracks and isochrones for
(UBV)J(RI)C JHKLL’M, HST-WFPC2, Geneva and Washington photometric systems. A&A.
366, 538–546 (2001)

64. D.C. Leonard, et al., The distance to SN 1999em in NGC 1637 from the expanding
photosphere method. PASP. 114, 3564 (2001)

65. W. Li, et al., A Hubble space telescope snapshot survey of nearby supernovae. PASP. 114,
403–415 (2002)

66. W. Li, et al., Nearby supernova rates from the Lick observatory supernova search. II. The
observed luminosity functions and fractions of supernovae in a complete sample. MNRAS.
412, 1473–1507 (2011)

67. K.S. Long, P.F. Winkler, W.P. Blair, A rapid decline in the optical emission from SN 1957D
in M83. ApJ. 395, 632–636 (1992)

68. K. Maeda, et al., Asphericity in supernova explosions from late-time spectroscopy. Sci. 319,
1220–1223 (2008)

69. J.C. Martin, M.D. Koppelman, η Carinae’s brightness variations since 1998: Hubble space
telescope observations of the central star. AJ. 127, 2352–2361 (2004)

70. P. Massey, An unprecedented change in the spectrum of S Doradus: as cool as it gets. PASP.
112, 144–147 (2000)

71. T. Matheson, Supernova impostors in the center for astrophysics SN database, in The Fate of
the Most Massive Stars, ed. by R. Humphreys, K. Stanek (ASP, San Francisco, 2005)

72. T. Matheson, M. Calkins, Supernova 2001ac in NGC 3504. IAUC. 7597 (2001)
73. T. Matheson, et al., Optical spectroscopy of supernova 1993J during its first 2500 Days. AJ.

120, 1487–1498 (2000)
74. T. Matheson, et al., Optical spectroscopy of Type Ib/c supernovae. AJ. 121, 1648–1675 (2001)
75. J.R. Maund, et al., The massive binary companion star to the progenitor of supernova 1993J.

Nature 427, 129–131 (2004)
76. J.R. Maund, et al., Faint supernovae and supernova impostors: case studies of SN

2002kg/NGC 2403-V37 and SN 2003gm. MNRAS. 369, 390–406 (2006)
77. P.A. Mazzali, et al., An asymmetric energetic Type Ic supernova viewed off-axis, and a link

to gamma ray bursts. Sci. 308, 1284–1287 (2005)
78. P.A. Mazzali, et al., Models for the Type Ic hypernova SN 2003lw associated with GRB

031203. ApJ. 645, 1323–1330 (2006)
79. G. Meynet, A. Maeder, Stellar evolution with rotation. X. Wolf-Rayet star populations at solar

metallicity. A&A. 404, 975–990 (2003)
80. R. Minkowski, Spectra of supernovae. PASP. 53, 224–225 (1941)
81. M.J. Montes, et al., Radio observations of SN 1979C: evidence for rapid presupernova

evolution. ApJ. 532, 1124–1131 (2000)
82. K. Nomoto, et al., Type Ia supernovae: progenitors and diversities, in From Twilight to

Highlight: The Physics of Supernovae, ed. by W. Hillebrandt, B. Leibundgut (Springer, Berlin,
2003)

83. E.O. Ofek, et al., SN 2006gy: an extremely luminous supernova in the galaxy NGC 1260.
ApJ. 659, L13–L16 (2007)

84. J.P. Ostriker, J.E. Gunn, Do pulsars make supernovae? ApJ. 164, L95–L104 (1971)
85. M. Papenkova, W.D. Li, Variable star in field of NGC 3432. IAUC. 7415 (2000)
86. A. Pastorello, et al., A giant outburst two years before the core-collapse of a massive star.

Nature 447, 829 (2007)
87. A. Pastorello, et al., Massive stars exploding in a He-rich circumstellar medium. I. Type Ibn

(SN 2006jc-like) events. MNRAS. 389, 113–130 (2008a)
88. A. Pastorello, et al., Massive stars exploding in a He-rich circumstellar medium. II. The

transitional case of SN 2005la. MNRAS. 389, 131–140 (2008b)



11 The Supernova Impostors 273

89. A. Pastorello, et al., Multiple major outbursts from a restless luminous blue variable in NGC
3432. MNRAS. 408, 181–198 (2010)

90. F. Patat, A. Pastorello, J. Aceituno, 2003gm in NGC 5334. IAUC. 8167 (2003)
91. V. Petit, L. Drissen, P.A. Crowther, Spectral evolution of the luminous blue variable NGC

2363-V1. I. observations and qualitative analysis of the ongoing giant eruption. ApJ. 132,
1756–1762 (2006)

92. J.L. Prieto, et al., Discovery of the dust-enshrouded progenitor of SN 2008S with spitzer. ApJ.
681, L9–L12 (2008)

93. J.L. Prieto, et al., The SN 2008S progenitor star: gone or again self-obscured? ApJL. (2010)
Submitted (arXiv:1007.0011)

94. R.M. Quimby, et al., SN 2005ap: a most brilliant explosion. ApJ. 668, L99–L102 (2007)
95. M.W. Richmond, et al., UBVRI photometry of the Type IC SN 1994I in M51. AJ. 111,

327–339 (1996)
96. A.G. Riess, et al., BVRI light curves for 22 Type Ia supernovae. AJ. 117, 707–724 (1999)
97. E.M. Schlegel, A new subclass of Type II supernovae? MNRAS. 244, 269–271 (1990)
98. D.J. Schlegel, D.P. Finkbeiner, M. Davis, Maps of dust infrared emission for use in estimation

of reddening and cosmic microwave background radiation foregrounds. ApJ. 500, 525–553
(1998)

99. N.A. Silbermann, et al., The Hubble space telescope key project on the extragalactic distance
scale. VI. The cepheids in NGC 925. ApJ. 470, 1–37 (1996)

100. S.J. Smartt, J.J. Eldridge, R.M. Crockett, J.R. Maund, The death of massive stars —
I. Observational constraints on the progenitors of Type II-P supernovae. MNRAS. 395,
1409–1437 (2009)

101. N. Smith, The dusty homunculus nebula of Eta Carinae, in The Fate of the Most Massive
Stars, ed. by R. Humphreys, K. Stanek (ASP, San Francisco, 2005)

102. N. Smith, Discovery of a nearby twin of SN 1987A’s nebula around the luminous blue variable
HD 168625: was Sk -69 202 an LBV? AJ. 133, 1034–1040 (2007)

103. N. Smith, Episodic mass loss and pre-SN circumstellar envelopes, in Massive Stars as Cosmic
Engines, ed. by F. Bresolin P.A. Crowther J. Puls (Cambridge University Press, Cambridge,
2008)

104. N. Smith, P.S. Conti, On the role of the WNH phase in the evolution of very massive stars:
enabling the LBV instability with feedback. ApJ. 679, 1467–1477 (2008)

105. N. Smith, G.J. Ferland, The structure of the Homunculus. II. modeling the physical conditions
in η Carinae’s molecular shell. ApJ. 655, 911–919 (2007)

106. N. Smith, R. McCray, Shell-shocked diffusion model for the light curve of SN 2006gy. ApJ.
671, L17–L20 (2007)

107. N. Smith, S.P. Owocki, On the role of continuum-driven eruptions in the evolution of very
massive stars and population III stars. ApJ. 645, L45–L48 (2006)

108. N. Smith, R.M. Humphreys, R.D. Gehrz, Post-eruption detection of variable 12 in NGC 2403
(SN 1954j): another η Carinae variable. PASP. 113, 692–626 (2001)

109. N. Smith, et al., SN 2006gy: discovery of the most luminous supernova ever recorded,
powered by the death of an extremely massive star like η Carinae. ApJ. 666, 1116–1128
(2007)

110. N. Smith, et al., SN 2006tf: precursor eruptions and the optically thick regime of extremely
luminous Type IIn supernovae. ApJ. 686, 467–484 (2008)

111. N. Smith, et al., SN 2008S: a cool super-eddington wind in a supernova impostor. ApJ. 697,
L49–L53 (2009)

112. N. Smith, et al., Discovery of precursor luminous blue variable outbursts in two recent
optical transients: the fitfully variable missing links UGC 2773-OT and SN 2009ip. AJ. 139,
1451–1467 (2010)

113. J. Sollerman, R.J. Cumming, P. Lundqvist, A very low mass of 56Ni in the ejecta of SN
1994W. ApJ. 493, 933–939 (1998)

114. C.J. Stockdale, et al., The fading radio emission from SN 1961V: evidence for a Type II
peculiar supernova? AJ. 122, 283–287 (2001)



274 S.D. Van Dyk and T. Matheson

115. R.B. Stothers, C.-W. Chin, Evolution of massive stars into luminous blue variables and Wolf-
Rayet stars for a range of metallicities: theory versus observation. ApJ. 468, 842–850 (1996)

116. B. Sugerman, M. Meixner, J. Fabbri, M. Barlow, Supernova 1999bw in NGC 3198. IAUC.
8442 (2004)

117. N.B. Suntzeff, et al., SN 1987A in the LMC. II - Optical photometry at Cerro Tololo. AJ. 96,
1864–1873 (1988)

118. G.A. Tammann, A. Sandage, The stellar content and distance of the galaxy NGC 2403 IN the
M81 group. ApJ. 151, 825–860 (1968)

119. T.A. Thompson, et al., A new class of luminous transients and a first census of their massive
stellar progenitors. ApJ. 705, 1364–1384 (2009)

120. C. Trundle, R. Kotak, J.S. Vink, W.P.S. Meikle, SN 2005gj: evidence for LBV supernovae
progenitors? A&A. 483, L47–L50 (2008)

121. M. Turatto, Classification of supernovae, in Supernovae and Gamma-Ray Bursters, ed. by K.
Weiler (Springer, Berlin, 2003)

122. M. Turatto, et al., The Type II supernova 1988Z in MCG + 03-28-022 - Increasing evidence
of interaction of supernova ejecta with a circumstellar wind. MNRAS. 262, 128–140 (1993)

123. V.P. Utrobin, Supernova SN 1961v - an explosion of a very massive star. Ap. Space Sci. 98,
115–147 (1984)

124. S.D. Van Dyk, The η Carinae analogs, in The Fate of the Most Massive Stars, ed. by R.
Humphreys K. Stanek (ASP, San Francisco, 2005)

125. S.D. Van Dyk, et al., Type “IIn” supernovae: a search for radio emission. AJ. 111, 1271–1277
(1996)

126. S.D. Van Dyk, C.Y. Peng, A.J. Barth, A.V. Filippenko, The environments of supernovae in
post-refurbishment Hubble space telescope images. AJ. 118, 2331–2349 (1999)

127. S.D. Van Dyk, C.Y. Peng, J.Y. King, A.V. Filippenko, R.R. Treffers, W. Li, M.W. Richmond,
SN 1997bs in M66: another extragalactic η Carinae analog? PASP. 112, 1532–1541 (2000)

128. S.D. Van Dyk, A.V. Filippenko, W. Li, Possible recovery of SN 1961V in Hubble space
telescope archival images. PASP. 114, 700–707 (2002)

129. S.D. Van Dyk, W. Li, A.V. Filippenko, Supernova 1954J (variable 12) in NGC 2403
unmasked. PASP. 117, 553–562 (2005)

130. S.D. Van Dyk, et al., The Type IIn supernova 2002kg: the outburst of a luminous blue variable
star in NGC 2403. arXiv:astro-ph/0603025 (2006)

131. S.D. Van Dyk, T. Matheson, It’s Alive! The Supernova Impostor 1961V. ApJ. in press (2012)
132. F. Viallefond, W.M. Goss, H II regions in M33. III - Physical properties. A&A. 154, 357–369

(1986)
133. R.M. Wagner, et al., Discovery and evolution of an unusual luminous variable star in NGC

3432 (supernova 2000ch). PASP. 116, 326–336 (2004)
134. K.W. Weiler, et al., Long-term radio monitoring of SN 1993J. ApJ. 671, 1959–1980 (2007)
135. K. Weis, D.J. Bomans, SN 2002kg - the brightening of LBV V37 in NGC 2403. A&A. 429,

L13–L16 (2005)
136. C.L. Williams, et al., Radio emission from SN 1988Z and very massive star evolution. ApJ.

581, 396–403 (2002)
137. B. Wolf, Empirical amplitude-luminosity relation of S Doradus variables and extragalactic

distances. A&A. 217, 87–91 (1989)
138. S.E. Woosley, N. Langer, T.A. Weaver, The evolution of massive stars including mass loss:

presupernova models and explosion. ApJ. 411, 823–839 (1993)
139. F. Zwicky, NGC 1058 and its supernova 1961. ApJ. 139, 514–519 (1964)
140. F. Zwicky, Supernovae, in Stars and Stellar Systems, vol. VIII, ed. by L.H. Aller D.B.

McLaughlin (University of Chicago Press, Chicago, 1965)



Chapter 12
Instability & Mass Loss near the Eddington
Limit

S.P. Owocki and N.J. Shaviv

Abstract We review the physics of continuum-driven mass loss and its likely role
in η Carinae and LBVs. Unlike a line-driven wind, which is inherently limited
by self-shadowing, continuum driving can in principle lead to mass-loss rates
up to the “photon-tiring” limit, for which the entire luminosity is expended in
lifting the outflow. We discuss how instabilities near the Eddington limit give
rise to a clumped atmosphere, and how the associated “porosity” can regulate a
continuum-driven flow. We also summarize recent time-dependent simulations in
which a mass flow stagnates because it exceeds the tiring limit, leading to complex
time-dependent inflow and outflow regions. Porosity-regulated continuum driving
in super-Eddington epochs can probably explain the large, near tiring-limit mass
loss inferred for LBV giant eruptions. However, while these extreme flows can
persist over dynamically long periods, they cannot be sustained for an evolutionary
timescale; so ultimately it is stellar structure and evolution that sets the overall
mass loss.

12.1 Introduction

LBV giant eruptions or “supernova imposters” are characterized by strongly en-
hanced luminosity and substantial mass ejection. An extreme example is η Carinae,
which during its giant eruption of 1840–1860 ejected 10M� or more at speeds of
300–800 km s−1, implying a kinetic energy rate comparable to the peak radiative
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luminosity L ≈ 20× 106 L� seen during the eruption [12, 25, 43]. The total energy
release is only a few percent of the 1051 erg non-neutrino output in a typical
supernova, but represents a substantial fraction of the binding energy of the layers
outside the star’s core. Such extreme mass loss is orders of magnitude greater than
one expects in a standard CAK model for radiative driving by scattering in metal-ion
lines [7].

The association of η Car and other LBVs with the empirical upper limit of
luminosity for observed stars [23] has led to a general view that such strong
episodes of mass loss may result from the star’s approach to the classical Eddington
limit, at which the continuum radiative force due to Thomson scattering equals the
inward force of gravity [1, 10, 24, 25]. Normally, if the radiative flux approaches
the Eddington limit in a star’s interior, convection arises and carries enough of the
energy flux to keep the interior sub-Eddington, as we explain in Sect. 12.2.3 below.
On the other hand, no fundamental constraint prohibits the existence of a quasi-
steady state with very high radiation fluxes in the outer layers of a star. As we show
in Sect. 12.2.4, a super-Eddington luminosity may persist for a substantial length of
time once we consider that high fluxes also give rise to instabilities.

This can lead to a situation analogous to classical novae, wherein the sudden
onset of shell burning induces a super-Eddington brightness that lasts for several
months; e.g., Nova LMC 1988 #1 was super-Eddington for about 50 days [36].
Since this is much longer than any dynamical timescale in the nova system, it can
result in a quasi-steady wind mass loss, driven by continuum rather than line opacity.
In fact, it was realized that optically thick continuum-driven winds explain many
characteristics of these objects long before it was understood how super-Eddington
luminosities could arise [3]. Unlike LBVs with poorly determined masses, novae
have the Chandrasekhar mass as a strict upper limit, so there is no doubt that they
are indeed super-Eddington [40].

Whatever mechanism may trigger such a super-Eddington brightening in LBVs,
a key issue is how the continuum driving is regulated to keep the stellar interior
gravitationally bound, while allowing a sustainable mass loss from near the surface.
As discussed below, it seems that interior convection, flow stagnation, and the
‘porosity’ of a clumped medium may all play a role. A likely result is a mass loss rate
that approaches the “photon-tiring limit”, associated with the finite energy available
to lift material out of the star’s gravitational potential. This is several orders of
magnitude higher than can be achieved by line-driving, and is indeed comparable to
the mass loss rate, ∼1M�year−1, inferred for the giant eruption of η Carinae [33].

However, the associated mass loss time scale, tṀ = M/Ṁ ∼ 100 year, is so short
that this state can only be sustained for a few years before inducing fundamental
readjustments in the stellar structure. After the super-Eddington condition has thus
been quenched, a much longer thermal timescale probably elapses before another
outburst [25,29]. But even with a limited duty cycle, such eruptions can dramatically
reduce the star’s mass within its evolutionary timescale. Such LBV mass loss
may play a central role in the evolution and final fate of the most massive stars,
and may be a key factor in setting the stellar upper mass limit. Moreover, unlike
CAK line-driving, these continuum-driven processes do not depend directly on
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metallicity. Thus they may play a similar role in the first generation of massive
stars (“Population III”), which are thought to have helped to reionize the universe
following the recombination epoch of the Big Bang.

Below we elaborate on this role of radiation forces for both the interior structure
(Sect. 12.2) and mass loss (Sect. 12.3) of massive stars. A concluding discussion
(Sect. 12.4) considers general issues related to the energy source of the giant
eruptions and various implications for massive star evolution near the Eddington
limit.

12.2 Radiation Pressure in Massive Stars

The key to understanding the internal structure of massive stars is to recognize the
effects that arise in the presence of very strong radiative flux. In Sect. 12.2.1 we
begin by discussing the radiative force and the Eddington limit. In Sect. 12.2.2,
we demonstrate how the radiative pressure changes the mass luminosity relation.
In Sect. 12.2.3 we show that as the Eddington luminosity is approached, con-
vection is necessarily excited, implying that the interior of a star never becomes
super-Eddington. In Sect. 12.2.4 we discuss the instabilities that porosify the
outer atmosphere. The combined effects allow us to build a coherent picture, in
Sect. 12.2.5, for quasi-static structure in super-Eddington stars, such as η Car during
its giant eruption.

12.2.1 Radiative Force and the Eddington Limit

Let us begin by considering the general form for the radiative acceleration grad
associated with opacity κν (a.k.a. the mass absorption coefficient, with units cm2

g−1) in stellar material with a radiative flux Fν at photon frequency ν:

grad =

∫ ∞

0

κνFν

c
dν . (12.1)

Here κν includes continuum processes – Thomson scattering by electrons plus
bound-free and free-free absorption – and bound-bound transitions.

In a static interior or atmosphere, where saturation of spectral lines keeps the
associated line-force small, grad is dominated by continuum processes, mainly
Thomson scattering in the cases discussed here. Because Thomson opacity is gray
(frequency-independent), it can be pulled outside the frequency integration in (12.1).
In an idealized, spherically symmetric, radiative envelope, the bolometric flux
F =

∫ ∞
0 Fν dν is purely radial, F = L/4πr2 where L is the bolometric luminosity.

The radiative acceleration associated with a gray opacity κ is thus

grad =
κF
c

=
κL

4πr2c
≡ Γ g . (12.2)
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Here Γ is the Eddington parameter L/LEdd, where LEdd ≡ 4πGMc/κ and M is the
stellar mass. This is the ratio of the radiative acceleration to the local gravitational
acceleration g = GM/r2. Since both gravity and radiative flux have the same r−2

dependence, Γ is almost independent of radius in regions where the gradients of κ ,
L, and M are small.1 For the classical case of pure Thomson scattering and “normal”
chemical composition, the Eddington parameter is quantitatively

Γe ≈ 2.6× 10−5 (L/L�)
(M/M�)

. (12.3)

As discussed in the next subsection, stellar luminosity scales with a high power of
the stellar mass, L ∝ M3, so hot massive stars with M > 10M� generally have Γe >
0.1, possibly even approaching unity. Indeed Γe = 1 defines the classical Eddington
limit for the L/M ratio where an idealized star would become unbound.

It should be emphasized, however, that this does not represent an appropriate
condition for normal steady mass loss, which requires an outwardly increasing
radiative force that goes from being less than gravity inside the star to exceeding
gravity in the outflowing wind. Section 12.3 summarizes how the necessary force
modulation can occur through line-desaturation for line driving, and through
porosity of spatial structure for continuum driving.

12.2.2 Stellar Structure Scaling for Luminosity vs. Mass

The interior structure of a star is set by the dual requirements for hydrostatic balance
and energy transport. As Eddington found [14], we can use these to derive a simple
scaling relation for stellar luminosity vs. mass. Let us begin with the classic formula
for radiative flux Frad via outward diffusion of radiation energy density Urad ,

Frad = − c
3κρ

dUrad

dr
. (12.4)

Since Prad = Urad/3, (12.4) can be rearranged to show that the gradient of radiation
pressure is a radiative force per unit volume,

dPrad

dr
= −κFrad

c
ρ = −grad ρ = −Γ gρ = −Γ

GM
r2 ρ . (12.5)

Subtracting this from the hydrostatic equation that sets the gradient of total pressure
P = Pgas+Prad , we find that gas pressure in a static model satisfies

dPgas

dr
= − (1−Γ )

GM
r2 ρ . (12.6)

1As discussed below, there are various circumstances in which this is not the case.
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Combined with mass conservation and the ideal gas law, (12.4) and (12.6) form the
basis for Eddington’s n = 3 polytrope model for stars with radiative interiors [14].
In such a model the Eddington parameter has a simple scaling with stellar mass,

Γ
(1−Γ )4 = μ4

(
M

18.3M�

)2

≈
(

M
48M�

)2

, (12.7)

where the molecular weight μ is approximately 4/(5X + 3) in a fully ionized mix
with hydrogen mass fraction X . The second equality in (12.7) applies for hydrogen
abundance X = 0.7, μ ≈ 0.62.

This scaling can be understood from the average gradients in (12.4) and (12.6)
in terms of stellar mass M and radius R. Using the ideal gas law Pgas ∼ ρ T with
ρ ∼ M/R3, (12.6) implies that the characteristic interior temperature scales as

T ∼ (1−Γ )
M
R
. (12.8)

With the further proportionalities Frad ∼ L/R2 and Urad ∼ T 4, (12.4) gives

L ∼ R4T 4

M
. (12.9)

Combining (12.8) and (12.9), we can eliminate both R and T to find

L ∼ (1−Γ )4 M3 or
Γ

(1−Γ )4 ∼ M2 , (12.10)

which agrees with (12.7). Note that this result does not depend on the nature of
energy generation in the stellar core.2

Figure 12.1 shows a log-log plot of the resulting variation of luminosity vs. mass.
For M � 20M� it implies a strong L ∼ M3 scaling, but for higher masses the 1−Γ
term acts as a strong repeller away from the Eddington limit, causing a bend toward
a linear asymptotic scaling L ∼ M.

Formally this scaling suggests it is possible to have stars with arbitrarily large
mass, approaching arbitrarily close to the Eddington limit. But surveys of dense
young clusters are providing evidence for a cutoff in the stellar mass distribution at
about M ≈ 150− 200 M� [15, 28, 31, 52].3

2Of course these simple relations have to be modified to accomodate gradients in the molecular
weight as a star evolves from the zero-age main sequence. Equation 12.10 fails entirely for cool
giant and supergiant stars where convection dominates the energy transport, but such objects are
beyond the scope of this review.
3[Editors’ comment:] This has long been suspected on other grounds. For instance, if one
extrapolates the empirical upper limit in the HR diagram to high temperatures, it approaches the
ZAMS around 200 M� [23–25]. Various clues seem to implicate the same mass range.
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Fig. 12.1 Schematic log-log plot of stellar luminosity vs. mass for idealized n = 3 polytrope
models, (12.7). For real stars the shape and normalization of the curve are somewhat altered by
convection, variations in opacity and molecular weight, and other effects. The “inferred mass limit”
at 150–200 M� is based mainly on observations, not theory

In Fig. 12.1, this inferred upper mass limit is slightly to the right of the Γ = 0.5
point; therefore Prad > Pgas in the most massive stars (This is particularly true for
η Car [12]). Dominance by radiation pressure is somewhat analogous to having
a heavier fluid support a lighter one, and, as discussed in Sect. 12.2.4, such a
configuration may be subject to various kinds of instabilities, leading to spatial
clumping and/or LBV-like brightness variations [37–39, 48]. Resulting mass loss
may play a key role in setting the stellar upper mass limit.

12.2.3 Convective Instability of a Super-Eddington
Stellar Interior

If the energy flux locally exceeds the Eddington limit in a stellar interior, this usually
does not initiate mass loss. Instead Γ � 1 induces convective instability [27]. In
the deep interior the gas density is large enough to carry most of the heat flux via
convection, thus lowering the radiative flux so Γrad remains safely below unity.

This suggests that a super-Eddington outflow should originate in near-surface
layers where convection becomes inefficient. Within “mixing length” formalism
[22], the convective energy flux is roughly

Fconv ≈ vconv l
dUgas

dr
� vs H

dPgas

dr
≈ ρv3

s , (12.11)
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apart from factors of order unity. Here vconv, l, and Ugas are the convective velocity,
mixing length, and gas thermal energy density. In an ideal gas U ∼Pgas = ρv2

s , where
ρ and vs are the gas density and sound speed. If we limit the convective velocity
to the sound speed and the mixing length to the gas pressure scale height H =
Pgas/(dPgas/dr), then the inequality in (12.11) sets an upper bound on the convective
energy flux. Below the layers where this limit is breached, convection can carry
nearly the full energy flux, Fconv ≈ F = L/4πr2. But above that radius the convective
flux is limited by the decline in ρv3

s . This shortfall demands a compensating increase
in the radiative flux and thus in the radiative Eddington parameter:

Γrad =
κFrad

gc
=

κ(F −Fconv)

gc
≈ L− 4πr2ρv3

s

LEdd
. (12.12)

Consider now the critical radius Rc where convective inefficiency leads to Γrad > 1.
If we put the sonic radius for a wind outflow [29] at this location, then (12.12)
implies an associated mass loss rate4

Ṁconv ≈ 4πR2
cρcvs ≈ L−LEdd

v2
s

≈ (4 M� year−1)

(
Γ − 1

Γ

)
L6

T5
, (12.13)

where L6 and T5 denote L/106L� and T/105K. In the near-surface layers where
convection becomes inefficient, T5 is of order unity and vs ∼ 40 km s−1.

For luminosities well above the Eddington limit, (12.13) gives an unsustainably
high mass loss rate. The “photon tiring limit,” set by the energy required to lift
material out of the star’s gravitational potential [32, 33], is

Ṁtir ≈ L
v2

esc/2
≈ L

GM/Rc
≈ (0.032M�year−1)

(Rc/R�)
(M/M�)

L6 . (12.14)

If Γ � 1.5, T5 ∼ 1, and M/R∼M�/R�, (12.13) predicts a mass loss rate that exceeds
the tiring limit by a factor of order (vesc/vs)

2 ∼ 100. This means that L cannot
sustain a mass loss initiated near Rc; the flow would stagnate at about r ≈ 1.01Rc

with the above parameters. In other words no consistent super-Eddington outflow
can originate at the top of the region of efficient convection [38].

12.2.4 Radiative Instability and Porosification of Atmospheres

If we are to explain the super-Eddington episode in η-Car and other objects in terms
of sustained outflow, the above analysis shows that the sonic radius Rs, where the net
radial force vanishes, must be shifted outward to a layer whose mass density is much

4[Clarification:] In this review as in most discussions of stellar mass loss, Ṁ denotes |dM/dt| rather
than the negative quantity dM/dt .
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smaller than at the inefficient convection radius Rc. Thus the region Rc < r <Rs must
be quasi-hydrostatic with a declining density and pressure, even though Γrad > 1
traditionally implies a net outward force there!

The resolution to this paradox has two aspects. First, as an atmosphere ap-
proaches the Eddington luminosity, many possible instabilities can give rise to
inhomogeneities. Second, optically thick inhomogeneities (“clumps”), reduce the
effective opacity, thus allowing larger fluxes without increasing the radiative force.

Dating back to early work by Spiegel [46, 47], there have been speculations
that atmospheres supported by radiation pressure would exhibit instabilities not
unlike that of Rayleigh-Taylor, associated with the support of a heavy fluid by a
lighter one, leading to formation of “photon bubbles”. Quantitative stability analyses
[39, 48] show that even a simple case of a pure “Thomson atmosphere” – i.e.,
supported by Thomson scattering of radiation by free electrons – develops lateral
inhomogeneities. The analysis by Shaviv [39] suggests that these instabilities share
many of the properties of “strange mode” pulsations [18,34]. They are favored when
radiation pressure dominates over gas pressure, and occur when the temperature
perturbation term becomes non-local. In strange mode instabilities, the relevant term
arises because temperature in the diffusion limit depends on the radial gradient of the
opacity perturbations. In the pure-Thompson lateral instability, the term depends on
lateral radiative flux, which involves non-radial structure comparable in size to the
scale height. More instabilities exist if the model is not a pure Thomson atmosphere;
absorption opacity can induce the aforementioned strange modes, and magnetic
fields imply additional phenomena [2,4,6,16].5 The specific physical causes of these
instabilities, however, are not fundamental to the discussion here. The two essential
points are: (1) As atmospheres approach the Eddington limit, non-radial instabilities
make them inhomogeneous on a horizontal scale comparable to the vertical scale
height; and (2) Such inhomogeneities change the ratio between the radiative flux
and the radiative force.

In the presence of inhomogeneities in density ρ , the outward radiation flux can
be written as a volume average 〈F〉V , while the force per unit volume that it exerts
is 〈Fκρ〉V /c. Thus an “effective” opacity for the force can be defined as [37],

κeff ≡ 〈Fκρ〉V
〈F〉V 〈ρ〉V

. (12.15)

(This is analogous to opacity variation in frequency space in non-gray atmospheres,
wherein radiative force depends on a flux-weighted mean integrated over frequency
instead of volume. The “Rosseland mean” defined in textbooks is pertinent.)

5[Editors’ comment:] One should also recall the “modified Eddington limit” often proposed in
the 1980s for LBVs and η Car; see [1, 10, 24] and especially Sect. 5 in [25]. This is a hypothetical
instability, based on temperature dependence of absorption opacity added to Thomson scattering in
an 8,000–30,000 K atmosphere with 0.7< Γe < 1. Whether correct or not (which so far as we know
has never been carefully tested), the MEL was a conceptual predecessor of some ideas outlined in
this chapter; for instance it would obviously entail 3-D spatial inhomogeneities.
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For some opacity laws, spatial inhomogeneity can enhance the effective opacity
defined above. More generally, however, as in the special case of Thomson
scattering, κeff is reduced. A calculable example is the limit of small isotropic
perturbations in an optically thick Thomson-scattering atmosphere with negligible
gas heat capacity, such that ∇ ·F = 0. This case approximates a hot atmosphere, but
deep enough for the inhomogeneities to remain opaque. Then one finds [37]

κeff =

[
1−

(
D − 1

D

)
σ2

]
κ0 , (12.16)

where σ is the normalized standard deviation of ρ and D is the number of relevant
spatial dimensions. This result shows that inhomogeneities tend to reduce the
effective opacity, but not in a one-dimensional system. In other words the porosity
effect is intrinsically non-radial and tends to decrease the effective opacity.

Because the “porous” state depends on non-linear behavior of relevant instabili-
ties, and, in particular, on the mechanism saturating them, there are currently no ab
initio calculations predicting characteristics such as κeff(Γ ) in the nonlinear state.
This will require elaborate radiative hydrodynamic simulations.

12.2.5 Quasi-Static Structure of Super-Eddington Stars

The effects described in the previous subsections combine to give an overall
picture for how stars can surpass the Eddington limit but remain, in a sense, stable
(Fig. 12.2).

Region (A): As explained in Sect. 12.2.3, deep inside the star where the density
is sufficiently high, excess flux above the Eddington luminosity is carried by
convection. Thus we have a bound interior with Lrad < LEdd < Ltot.

Region (B): Farther out where convection is inefficient, radiative instabilities cause
the atmosphere to become inhomogeneous. This reduces the effective opacity and
therefore increases the effective Eddington luminosity Leff

Edd. This layer is bound,
not because the radiation flux is lowered as in the convective region, but because the
effective opacity is reduced: LEdd < Lrad < Leff

Edd.

Region (C): Farther out, each clump becomes transparent and the effective opacity
returns to the microscopic value: Leff

Edd ≈ LEdd. The resulting mass outflow has its
sonic point where L ≈ Leff

Edd � LEdd. More about this in Sect. 12.3.

Region (D): Since the mass loss rate is large enough to be opaque, the photosphere
resides in the wind itself [8, 25].
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Fig. 12.2 The structure of a
super-Eddington star from
[41], see text (Sect. 12.2.5)

12.3 Radiatively Driven Mass Loss

12.3.1 Line-Driven Stellar Winds

As a basis for developing a model for continuum-driven mass loss from super-
Eddington phases of LBV stars, let us review the more well-established theory for
steady line-driven winds (For an account of stellar winds in general, see [29]).

The resonant nature of absorption in spectral lines leads to an opacity that is
inherently much stronger than for free electrons. Comparing a bound electron to a
free one, the enhancement in frequency-integrated cross-section can be represented
as the “quality” value of the resonance, essentially the ratio of frequency to the
damping frequency γ [17]. If we use a classical approximation for the latter,

Q ≈ ν
γ

≈ 3
8π2

λ
re

∼ 107 , (12.17)

where λ is photon wavelength and re = e2/mec2 is the classical radius of the
electron. Thus a bound electron typically scatters photons ten million times more
effectively than a free electron does! Since only about 0.01% of the electrons in
relevant layers of a hot star with typical metallicity are in bound states, the net
enhancement is of the order of Q̄ ∼ 1,000. In the idealized optically thin limit, the
total spectral line force would exceed the Thomson-scattering force by a comparable
factor [17]. For very massive stars one one might therefore expect an enormous
outward acceleration, Q̄ Γe g ∼ 1000g.

In reality, of course, self-absorption in the lines prevents this from occurring. The
effective optical depth in a mass flow is related to the local velocity gradient (the
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Sobolev approximation [29, 45]). For a single line with frequency-averaged opacity
κq = qκe, the acceleration factor qΓe is reduced to

Γline ≈
[

1− exp(−qt)
qt

]
qΓe , (12.18)

where t = κeρc/(dv/dr) is the Sobolev optical depth of a line with unit strength
q = 1 [7, 45]. In CAK line-driven wind theory, the number distribution of spectral
lines vs. line-strength is approximated as a power law, dN/dq ∼ (q/Q̄)α−1 with
index α in the range 0.5–0.7. The associated total radiation force factor is then

Γlines =
Q̄Γe

(1−α)(Q̄t)α ∝
(

1
ρ

dv
dr

)α
. (12.19)

The latter proportionality emphasizes the scaling of the line-force with the velocity
gradient and the inverse of the mass density. This keeps the line acceleration less
than gravity in the dense, nearly static atmosphere, but also allows its outward
increase to drive the outflowing wind.

The CAK mass loss rate is set by the associated critical density at which the
outward line acceleration is just sufficient to overcome the gravity reduced by
Thomson scattering, i.e., Γlines ≈ 1−Γe:

ṀCAK =

(
α

1−α

) [
Q̄ Γe

1−Γe

]−1+1/α L
c2 . (12.20)

Here we have used the fact that vdv/dr ≈ (1−Γe)g in this type of solution. The
same property implies the CAK velocity law v(r) ≈ (1−R/r)1/2 v∞, with the wind
terminal speed being proportional to the effective surface escape speed,

v∞ ∝ vesc ≈
[
(1−Γe)

GM
R

]1/2

. (12.21)

As a star approaches the classical Eddington limit Γe → 1, these standard CAK
scalings formally predict the mass loss rate to diverge as Ṁ ∝ 1/(1−Γe)

(1−α)/α ,
but with a vanishing terminal flow speed v∞ ∝

√
1−Γe. The former might appear to

provide an explanation for the large mass losses inferred in LBV’s, but the latter fails
to explain the moderately high inferred ejection speeds, e.g. the 500–800 km/s kine-
matic expansion inferred for the Homunculus nebula of η Carinae [12, 13, 43, 44].

So one essential point is that line-driving cannot explain the extremely large mass
loss rates needed to explain the Homunculus nebula. To maintain the moderately
high terminal speeds, the Γe/(1−Γe) factor would have to be of order unity. Then,
with optimal realistic values α = 1/2 and Q̄ ≈ 2,000 for the line opacity parameters
[17], the maximum mass loss due to line driving is [42]

Ṁmax,lines ≈ 1.4× 10−4 L6 M� year−1 , (12.22)
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where L6 = L/106L�. Even for peak luminosities of a few times 107L� during η
Car’s great eruption, this limit is several orders of magnitude below the rate needed
to form the Homunculus. Therefore, if mass loss in that event occurred via a wind, it
must have been driven chiefly by continuum radiation force rather than lines [5,35].

12.3.2 Continuum-Driven Winds Regulated by Porous Opacity

As discussed in Sect. 12.2.4, stars that approach or exceed the Eddington limit are
expected to have complex spatial structure, and this has led to a new “porosity”
paradigm [37, 38] for quasi-steady continuum driving from super-Eddington stars.
As we now describe, the basic formalism can be cast in terms that draw heavily on
the above theory for wind driving by line-opacity [33].

To begin, consider a medium in which material has coagulated into discrete
clumps of individual optical thickness τcl = κρb�, where � is the clump size, and
the clump density is enhanced compared to the mean density of the medium by a
volume filling factor ζ = ρb/ρ . The effective opacity of this medium can then be
approximated by a form like the scaling of force in a single line (cf. 12.18),

κeff ≈
[

1− exp(−τcl)

τcl

]
κ (12.23)

For optically thin clumps (τcl � 1) this gives the usual microscopic opacity, κeff ≈κ ;
but in the optically thick limit (τcl � 1) κeff is reduced by a factor of 1/τcl . In that
case the overall effective opacity is roughly the clump cross section divided by the
clump mass: κeff ≈ κ/τcl ≈ �2/mcl . The critical mean density at which each clump
becomes optically thin is ρo ≈ 1/κh, where h = �/ζ is a characteristic “porosity
length” parameter. The overall radiative acceleration would likewise be reduced by
a factor that depends on the mean density.

More realistically, it seems likely that structure should occur with a range of
compression strengths and length scales. Noting the similarity of the single-scale
and single-line correction factors (12.18) and (12.23), let us draw upon an analogy
with the power-law distribution of line-opacity in the standard CAK model of
line-driven winds, and thereby consider a power-law-porosity model wherein the
associated structure has a broad range of porosity length h. As detailed by [33], this
leads to an effective Eddington parameter that scales as

Γeff ≈
(

ρo

ρ

)αp

Γ ; ρ > ρo , (12.24)

where αp is a porosity power index analogous to the CAK line-distribution power
index α , and ρo = 1/κho, with ho now the porosity-length associated with the
strongest (i.e. most optically thick) clump.
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In rough analogy with the convective mixing length [22] discussed in Sect. 12.2.3,
let us further assume that ho scales with gravitational scale height H = v2

s/g. Then
the requirement that Γeff = 1 at the wind sonic point yields a mass loss rate scaling
with luminosity. For the canonical case αp = 1/2, this takes the form [33]

Ṁpor ≈ 4 (Γ − 1)

(
L

vsc

) (
H
ho

)
(12.25)

≈ 0.004 (Γ − 1)
(L/106 L�)

(vs /20 km s−1)

(
H
h

)
M� year−1 . (12.26)

Comparision with the CAK scaling (12.20) for a line-driven wind shows that the
mass loss can be substantially higher from a super-Eddington star with porosity-
regulated, continuum driving. Applying the extreme luminosity L ≈ 2 × 107 L�
estimated for the η Car’s 1840–1860 outburst, which implies an Eddington param-
eter Γ ∼ 5, the derived mass loss rate for a canonical porosity length ho = H is
Ṁpor ≈ 0.3M� year−1, quite comparable to the likely average during that epoch.

Overall, it seems that, together with the ability to drive fast outflow speeds (of
order the surface escape speed), the porosity formalism offers a basis for self-
consistent dynamical modeling of even the most extreme LBV outbursts, which,
like the giant eruption of η Carinae, approach the photon tiring limit.

12.3.3 Photon Tiring in a Simple Super-Eddington
Wind Model

Before discussing simulations of porosity models with base mass flux above the
tiring limit, let us first examine analytic models of photon tiring for continuum-
driven winds in which the Eddington factor is assumed to have an explicit spatial
dependence Γ (r). Specifically, let us assume that it increases outward from Γ (r)< 1
in a static interior, crossing unity at some radius Rs which represents the sonic point
of a mass outflow. The density ρs and sound speed vs at this point set the mass loss
rate Ṁ = 4πR2

s ρsvs, but otherwise gas pressure has negligible effect on the further
supersonic acceleration. The steady-state equation of motion thus reduces to

v
dv
dr

≈ − [1−Γ (r)]GM
r2 ; r � Rs. (12.27)

Unlike the porosity models above, this equation of motion has no explicit de-
pendence on density; so the resulting velocity law v(r) would not depend on the
amount of mass accelerated. More realistically, a given radiative luminosity can
only produce a limited mass loss rate before the energy expended in accelerating
the outflow against gravity requires a notable reduction in the radiative energy flux
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itself. To take account of this “photon tiring,” we reduce the radiative luminosity
according to the kinetic and potential energy of the flow:

Lreduced(r) = L∗ −
[

v2

2
+

GM
Rs

− GM
r

]
Ṁ . (12.28)

Here L∗ and M are practically the star’s total energy outflow and mass. (The assumed
r-dependence of Γ is due to a gradient in κeff Lreduced). Defining scaled variables

w =
v2

(2GM/Rs)
and x = 1− Rs

r
, (12.29)

we find a dimensionless equation of motion with photon tiring:

dw
dx

= −1+[1−m(w+ x)]Γ (x) . (12.30)

Parameter m is the “tiring number,”

m =
GM Ṁ
Rs L∗

, (12.31)

which is the fraction of radiative energy expended in lifting the wind out of the
stellar gravitational potential. Using integrating factors, one can obtain an explicit
solution in terms of the integral quantity Λ(x) =

∫ x
0 dx′Γ (x′):

w(x) = −x +
1
m

[
1− e−mΛ(x)

]
+ w(0)e−mΛ(x) , (12.32)

where for typical hot-star atmospheres the sonic point boundary value is very small,
w(0) = v2

s Rs/2GM < 10−3.
As a simple example, consider the form Γ (x) = 1+ 0.1

√
x. Figure 12.3 plots

solutions w(x) vs. x for various m. If m is small, the flow reaches a finite speed
at large radii (x → 1); but for larger m it eventually decelerates, stopping at some
finite stagnation point xstag where w(xstag) = 0. The latter solutions represent flows
in which the mass loss rate is too high for the given luminosity to lift the material to
full escape at large radii. By considering the critical case where w = 0 at x = 1, we
can define a maximum mass loss rate, given according to (12.32) by the relation

mmax = 1− exp[−mmaxΛ(1)] . (12.33)

Note that Λ(1) is the average of Γ (x) in the range 0≤ x≤ 1. A simple approximation
accurate to about 10% in this range is mmax ≈ 1− exp[2− 2Λ(1)].

Regardless of how large Λ(1) becomes, it is always true that mmax < 1. By
comparison, the maximum mass loss allowed by convective inefficiency (12.13)
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Fig. 12.3 Scaled kinetic energy w vs. radial parameter x for simple continuum-driven wind
models, illustrating flow stagnation due to photon tiring (left) or to a post-peak decline of opacity
(right). The curves are labeled with the photon tiring number m or opacity peak parameter c, see
text

would correspond to a tiring number of order mconv ≈ GM/Rsv2
s ≈ 2v2

esc/v2
s . Since

typically mconv � 1, we again see that any super-Eddington outflow initiated near
the layer where convection becomes inefficient would stagnate by photon tiring.

In the limit of negligible tiring m� 1, solution (12.32) becomes w(x)≈Λ(x)−x.
Then the critical case of marginal escape, w(1) = 0, requires Λ(1) = 1. The right-
hand part of Fig. 12.3 illustrates solutions for the specific nonmonotonic example
Γ (x) = 1+ 0.1

√
x− cx, where c represents a tendency for κeff to decrease at large

radii. For all Λ(1) < 1 (i.e., c > 0.1333), stagnation occurs at the radius where
Λ(x) = x, precluding a steady flow. In a time-dependent model, material might
accumulate there and then fall back to the star. This represents another way in which,
instead of steady outflow, a super-Eddington region may give rise to an extended
envelope with a 3-dimensional mass circulation and possibly a density inversion.6

12.3.4 Simulation of Stagnation and Fallback
Above the Tiring Limit

For porosity models in which the mass flux exceeds the photon tiring limit, recent
numerical simulations have explored the resulting complex pattern of infall and
outflow [50, 51]. Despite the likely 3-D nature of such flow patterns, in order
to keep the computation tractable this initial exploration assumes 1-D spherical
symmetry, though allowing time-dependent density and flow speed. The total rate

6[Editors’ comment:] In somewhat cooler hypergiant winds where other processes supplement
radiative driving, phase changes from ionized to non-ionized hydrogen may produce interesting
effects in unsteady outflows that resemble the case mentioned here. See, e.g., [26].
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Fig. 12.4 Grayscale plot of radius and time variation of mass flux (left) and luminosity (right) in a
time-dependent 1-D simulation of a super-Eddington wind with a porosity-mediated base mass flux
which exceeds the photon tiring limit. The white contours on the right trace the height progression
of fixed mass shells

of work done by the radiation on the outflow (or vice versa in regions of inflow) is
again accounted for by a radial dependence of the radiative luminosity,

dL
dr

= −ṁgrad = −κeff ρvL
c

, (12.34)

where ṁ(r, t) = 4πρvr2 is the varying local mass flux. The second equality follows
from the definition (12.1) of radiative acceleration grad with a gray opacity κeff,
set here by porosity-modified Thomson scattering. At each time step, (12.34) is
integrated from an assumed lower boundary luminosity L(R) to give the local
radiative luminosity L(r) at all radii r > R. Using this to compute grad(r, t), the time-
dependent equations for mass and momentum conservation are evolved forward
to obtain the variations of density ρ(r, t) and flow speed v(r, t). (For simplicity,
the temperature is fixed at the stellar effective temperature.) The base Eddington
parameter is assumed to be Γ = 10, and the analytic porosity mass flux is 2.3 times
the tiring limit.

Figure 12.4 illustrates the flow structure as a function of radius and time long
after the initial condition. The left panel shows the local mass flux, ranging from
3 M� year−1 inward (black) to 3 M� year−1 outward (white). In the right panel,
shading represents the local luminosity in units of the base value L(r)/L(R), ranging
from zero (black) to one (white); in addition, superposed lines represent the radius
and time variations of selected mass shells.

Both panels show the remarkably complex nature of the flow, with positive mass
flux from the base overtaken by a hierarchy of infall structures from stagnated
flow above. Re-energization of the radiative flux by this infall gives the overlying
region an outward impulse. The shell tracks show that, once material reaches a
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radius r ≈ 5R, its infall episodes become increasingly longer and eventually it
drifts outward. The overall result is a net time-averaged mass loss through the
outer boundary. Its rate is very close to the photon-tiring limit, and the terminal
flow speed v∞ ≈ 50 km s−1 is substantially below the gravitational escape speed
vesc ≈ 600 km s−1.

Of course the structure in a more realistic 3-D model is likely to be even more
complex, and may lead to a highly porous medium. But it seems that one property
of a super-Eddington star may be a mass loss rate comparable to the photon tiring
limit.

12.4 Discussion

12.4.1 LBV Eruptions: Enhanced Winds or Explosions?

A key theme of this book is that extreme LBV eruptions can be “supernova
imposters”, characterized by substantial brightening and large mass ejections. In this
chapter we have modeled this mass loss in terms of a quasi-steady, continuum-driven
wind that results when luminosity exceeds the Eddington limit. But an alternative
paradigm is that such eruptions might be interior explosions that did not have
sufficient energy to completely disrupt the star.

The overpressure from an explosion propagates through the star on a very short
dynamical time scale, of order R/vs where vs is now the sound speed in very high-
temperature gas heated by energy deposition of the explosion. In supernovae this
sound speed is on the order of the mass ejection speed, ∼10,000 km s−1. Even in
a “failed” explosion it would be on the order of the surface escape speed, ∼ a few
hundred km s−1, implying a dynamical time like the free fall time: a few days or
less. The initial release of radiative energy results from expansion and peaks on a
somewhat longer timescale of days or weeks for supernovae. (SN radioactive beta-
decay becomes important in the later stages.) It is difficult to see how such a direct
pressure-driven explosion can persist for years as seen in LBV eruptions.

This then is perhaps the key argument for a radiation-driven model. If energy is
released in the deep interior, its radiative signature can take up to a much longer
diffusion time to reach the surface.7 This can be long as a few years.

In contrast to the explosive disruption of supernovae, the total energy in an LBV
eruption is well below the total stellar binding energy. Thus even if this energy
were released suddenly in the deep interior, the initial dynamical response would
quickly stagnate, leaving radiative diffusion as the substitute transport process. The
associated excess luminosity may push the object over the Eddington limit, leading

7Since the luminous stars are likely to be mostly convective (Sect. 12.2.3), the limiting time scale
is that of the convective diffusion mixing length time in the stellar core, which due to the high
density is much longer than the dynamical time scale.
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to strong, radiatively driven mass loss. Because the diffusion time scale is much
longer than any dynamical time, the essential processes can be modeled as a quasi-
steady continuum-driven wind as described above.

12.4.2 Trigger & Energy Source for Super-Eddington
Luminosity

In a supernova the energy source is core-collapse to a neutron star or black hole. But
in a giant LBV eruption, the post-eruption survival of an intact star, and indications
that some LBVs can undergo multiple events of this type, show that the energy
source cannot be a one-time singular event. Some other mechanism must provide
the energy.

The total energy associated with an extreme eruption, mainly radiative luminosity
and mechanical (i.e., kinetic and potential) energy in the wind, is a few times
1049 erg. For an eruption lasting a few decades, this corresponds to a power output
of order 107 L�, which is only a few times the Eddington luminosity. This suggests
that energy for the eruption can be supplied by the nuclear burning itself. If during
quiescence the star shines at nearly the Eddington luminosity, a 10% increase in
the central temperature would allow the CNO cycle or other reactions to supply the
extra energy. Two implications follow.

First, the change in the binding energy required to get the increased temperature
is only 10% of the binding energy of an n= 3 polytrope. Taking a mass M ∼ 100M�
and radius R ∼ 100R�, the energy change is ∼0.1Γ GM2/(2R) ∼ 1049 ergs. In
other words, the energy associated with the eruption is comparable to the change in
binding energy needed in order to supply the extra energy through nuclear reactions.
This implies that the whole star can participate in the eruption.

Second, because the energy for the eruption can be continuously generated,
many different scenarios can be envisioned for the triggering mechanism. Moreover,
an instability originating in the outer layers, which then forces the interior to
progressively adjust downward in the manner of a geyser [9,25], may be as favorable
as a mechanism that originates in the core. Thus quite a few mechanisms have been
suggested to explain LBV eruptions. Here are several examples.

In a linear analysis of radial modes using standard opacity tables, Glatzel and
Kiriakidis found mode-coupling instabilties in the outer layers of massive stars
[19]. Guzik et al. then showed how such an instability can propagate inward as
convection arises [21]. Since convection takes a finite time to adjust, a super-
Eddington luminosity can arise, with consequent ejection of mass.

Other instabilities originating in stellar envelopes were found by Stothers and
Chin [49], who conjectured that η Car is repeatedly encountering ionization-
induced dynamical instability, and by Maeder [30], who found that super-Eddington
layers may occur somewhat deeper in.8

8[Editors’ comment:] An older idea also seems pertinent here, see footnote in Sect. 12.2.4.
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As a contrast, other instabilities could originate at the core. Guzik [20], for
example, suggested that nonradial gravity mode oscillations grow slowly to an
amplitude sufficient to cause an episode of mixing of hydrogen-rich material
downward into hotter denser layers, which would generate a burst of nuclear energy
release. Most recently, Woosley et al. [53] have emphasized the potential role of
pulsational pair instability in the stellar core for powering either supernovae or giant
LBV eruptions.

Because luminous stars have large radiative pressure support, their outer regions
tend to be loosely bound and so exhibit various instabilities. This explains the
plethora of suggested mechanisms. Unfortunately, however, none seems markedly
better than the others.

It is yet unclear why LBVs erupt, and what sets the eruption time scale, the total
ejected mass, or what determines the eruption repetition rate. There is currently no
model which predicts these numbers.

12.4.3 Evolution near the Eddington Limit

The evolution of extremely massive stars is not yet understood. In particular, the
potentially key evolutionary role of continuum-driven mass loss has only recently
begun to be fully appreciated, and the super-Eddington conditions driving this mass
loss depend on instabilities that are still quite poorly understood.

Nevertheless, because the mass loss rates associated with super-Eddington states
are so extremely large, it is possible to discuss the average state of these objects
without relying on details. Such huge mass loss rates simply cannot be sustained
over the evolutionary time scales. Thus, once a star reaches a near-Eddington state,
it must evolve without crossing the Eddington limit for too long, since the large
mass loss serves as a negative feedback to reduce the luminosity of the star.

To see this behavior more quantitatively, we can again apply the Eddington n = 3
polytrope model discussed in Sect. 12.2.2, particularly the scaling for Γ in terms of
stellar mass M and “molecular weight” μ . Recall (12.7):

Γ
(1−Γ )4 = μ4

(
M

18.3M�

)2

,

where μ = 1/(2− 5Y/4) for a mix of ionized hydrogen and helium with helium
mass fraction Y . As the star evolves, its μ increases. If the mass loss rates are small
(e.g., in a line-driven wind), M remains nearly constant so the increase in μ forces
an increase in Γ . Without the effect of porosity, this would cause the star to approach
the Eddington luminosity without actually reaching it.

However, once Γ exceeds some critical value, instabilities can make the atmo-
sphere porous and allow a super-Eddington flux which implies a continuum-driven
wind. According to (12.26), this mass loss would evaporate the star on a time scale
much shorter than its several-million-year lifetime, unless (Γ − 1)� 0.1.
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Fig. 12.5 Evolution of a very massive star: mass vs. helium fraction. (1) As long as a star is
well below the Eddington limit, it will suffer only minor line driven mass-loss. (2) Once μ is large
enough, the star exceeds the Eddington luminosity and loses mass rapidly. This forces the evolution
to follow the Eddington luminosity from above. (3) Due to a yet unknown instability, excursions
to high luminosities and mass-loss rates may occur with quiescent periods between. The average
mass loss rate allows the star to follow LEdd. Here we assume that Γcrit = 0.5, but this number is
actually unknown as it depends on the instabilities that cause atmospheres to become porous

But (12.7) also shows that a decrease in M tends to reduce the equilibrium
luminosity; so we can reasonably expect (Γ − 1) automatically to remain small.
As μ continues to increase, the star moves downward along evolutionary stage 2
in Fig. 12.5, remaining near the Eddington limit. Eventually, unknown instabilities
may cause the track to become unsteady like stage 3 in the figure. The example of
η Car suggests that this may indeed be the case.

The evolution shown in Fig. 12.5 can continue as long as hydrogen is burning
in the core, and very likely also after hydrogen is depleted. This is because similar
constraints apply to the remaining WR star. The difference is that typical masses are
smaller for helium stars, because μ is larger. Towards the end of hydrogen burning,
the remaining mass will be typically much less than the ZAMS value.

12.5 Summary

The large mass loss rates observed in some LBVs, and especially in η-Carinae,
strongly suggest that continuum driven winds play an important role. This is because
continuum driving is the only mechanism known to give a steady state wind with a
mass loss rate much larger than line driving can achieve.
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A continuum-driven wind, however, can only operate in a system above the
Eddington luminosity. This implies that such a star should have a rather unique
structure. Its “static” part should be composed of a large convective region,
encompassing most of the star, and a porous layer where inhomogeneities are
responsible for a lowered opacity. At the radius where opacity cannot be sufficiently
reduced by porosity, there is a transition between the gravitationally bound layer
below and the radiatively accelerated wind above. Because the mass loss rate can
be very large, the wind itself is optically thick so the photosphere resides within the
wind.

Another peculiar aspect of continuum driven winds is that because the mass
loss rate is determined from conditions at the “static” surface of the star, the wind
conditions are blind to whether the available radiative luminosity is sufficient to
actually drive the wind to infinity. If the potential well is too deep, the result is a
photon-tired wind, whose flow stagnates and falls back.

Current 1-D simulation of photon-tired winds suggest that a flow of this type
develops a layer with a hierarchical structure of shocks and sonically moving gas,
which allows a large kinetic “luminosity” without driving mass above the photon-
tired limit. It is not unreasonable that η Carinae actually reached this state, since
the ejected mass divided by the 20 years of the giant eruption is, to within the rather
large observational uncertainty, comparable to the photon-tired mass loss rate.

Although a super-Eddington state with a continuum-driven wind can be station-
ary on a dynamical timescale, the large mass loss rate should substantially alter
the stellar structure on an evolutionary timescale. Stellar structure and evolution
should effectively control the overall level of mass loss, implying that mass loss
and evolution are inextricably linked. We thus expect very massive stars that reach
the Eddington limit (which they do once the hydrogen mass fraction decreases
sufficiently) to evolve with a luminosity that is kept slightly above the Eddington
value, with a relatively modest continuum driven wind.

Perhaps the key unresolved questions concern the origin of variability in LBVs
and their giant mass loss episodes. While there is a general understanding of how a
super-Eddington state with the large mass loss can exist, there is yet no theory that
predicts, for example, the two-decade-long giant eruption of η Car.
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Chapter 13
The Final Stages of Massive Star Evolution
and Their Supernovae

Alexander Heger

Abstract In this chapter I discuss the final stages in the evolution of massive
stars – stars that are massive enough to burn nuclear fuel all the way to iron group
elements in their core. The core eventually collapses to form a neutron star or a black
hole when electron captures and photo-disintegration reduce the pressure support to
an extent that it no longer can hold up against gravity. The late burning stages of
massive stars are a rich subject by themselves, and in them many of the heavy
elements in the universe are first generated. The late evolution of massive stars
strongly depends on their mass, and hence can be significantly effected by mass
loss due to stellar winds and episodic mass loss events – a critical ingredient that we
do not know as well as we would like. If the star loses all the hydrogen envelope,
a Type I supernova results, if it does not, a Type II supernova is observed. Whether
the star makes neutron star or a black hole, or a neutron star at first and a black
hole later, and how fast they spin largely affects the energetics and asymmetry of
the observed supernova explosion. Beyond photon-based astronomy, other than the
sun, a supernova (SN 1987) has been the only object in the sky we ever observed in
neutrinos, and supernovae may also be the first thing we will ever see in gravitational
wave detectors like LIGO. I conclude this chapter reviewing the deaths of the most
massive stars and of Population III stars.

13.1 Introduction

Stellar evolution depends on several initial parameters. The initial mass of the star
is generally considered to be the most important and the key parameter for stellar
evolution. We also classify stars usually as “massive” or “very massive” based on
their initial mass and discuss the final fate of stars in terms of their initial mass.
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Table 13.1 Mass ranges
of massive stars

Mass range (M�) Name

10 − 100 Massive stars
100 − 1,000 Very massive stars
1,000 − 10,000 Extremely massive stars
10,000 − 100,000 Ultra massive stars
100,000 − 1,000,000 Hyper massive stars
1,000,000 − 10,000,000 Mega massive stars

�150,000 supermassive starsa

aNo hydrostatic hydrogen burning possible. The limit given
is valid only for primordial stars.

Table 13.2 Metallicity
ranges of starsa [Fe/H] (“metallicity”) Name

� −1 Metal-poor stars
� −2 Very metal-poor stars
� −3 Extremely metal-poor stars
� −4 Ultra metal-poor stars
� −5 Hyper metal-poor stars
� −6 Mega metal-poor stars
Zero metallicity Primordial stars (Population III stars)
aAdopted from presentations by Tim Beers.

We will also adopt this approach in the present chapter of the book (Table 13.1).
For the purpose of this chapter I use the term “massive stars” for those stars that are
massive enough to make a core collapse supernova; this excludes stars that leave a
white dwarf, even if they form a thermonuclear Type Ia supernova later.1

The initial composition of the star, usually expressed in terms of the metallicity
(Table 13.2) or “population.” is the second most important parameter. In our
own Galaxy, we distinguish between stars that have formed relatively recently
(Population I) and “old” stars (Population II) that typically have low metallicity
and are found in the halo or other old structures of the Galaxy. But there also must
have been an elusive “first” generation of stars that formed from the primordial
gas left over by the Big Bang. Such “primordial stars” are usually referred to as
“Population III”. There is some ongoing discussion in the community about how to
exactly name stars at the transition from Population III to Population II in terms of
Population; as an example, we refer the reader to [62]. No Population III star has
ever been observed, but if our theory of Big Bang nucleosynthesis is correct, they
must have existed. We will come back to this in Sect. 13.5.

From observations, we know that not all stars with the same metallicity and
same composition necessarily evolve the same. It has been shown that the effects
of rotation can also be quite strong [31, 34, 37, 53, 56], altering the mass limits
for different final stages by as much as a factor 2, and making some evolutionary

1Not all stars that make supernovae are “massive” stars; the process for making Type Ia supernovae
is much more complicated and most scenarios in the literature involve typically two stars.
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outcomes like gamma-ray bursters (GRBs) possible [38, 89, 98]. Some current
models also include the effect of dynamo action and magnetic fields [36,54,78,79].

Another important complication in stellar evolution is due to binary star evolu-
tion, in particular for “close” binary stars where here “closeness” means that the
orbit is tight enough that the stars will interact in the form of mass exchange, mass
ejection from the binary system, or even merger of the stars during their lifetime.
About half of all massive stars are found in close binary systems. Binary stars can
also interact by tidal forces affecting their spin and internal mixing. Lastly, the initial
properties like rotation rate may be effected by binarity. Binary star evolution is a
very rich topic as it has many more initial physical parameters than for a single star.
A detailed discussion of binary star evolution, however, is beyond the scope of this
article; for a reference see, e.g., [64]. Here I focus on the evolution of single stars
only.

Usually stellar evolution is considered to be just a function of the parameters
mentioned above [84]. However, stars may also have peculiar features such as
“fossil” magnetic fields like AmP stars [8], or other features that were preserved
as the star reached the main sequence. These are observable and may also affect
evolution, however, our knowledge of their frequency and magnitude is limited;
they are less systematically studied than the other parameters, and also are not often
included in current theoretical models.

Finally, we should emphasize that there is an implication from stars having
hydrodynamic instabilities – like convection – in their interior. These instabilities
may vary in timing and magnitude from star to star, even for the same initial mass,
rotation, composition, . . . . In most cases, of course, we would expect that they
“average out” in the long run, but if there is insufficient negative feedback there
could be a “random walk” process that may lead to a somewhat different evolution
from star to star, maybe sometimes even push the evolution beyond some branching
points. Stars may be subject to “weather” like on earth where a minor change can
lead to big hurricanes instead of calm sea.

13.2 Final Stages of Massive Stars

As an over-all general picture we can describe the evolution of a massive star
as a process of ongoing contraction to increasingly higher central density and
temperature (Fig. 13.1). Even the formation of stars, crudely, starts from the
contraction of a cold molecular gas cloud to hot spherical object that balances heat
loss at the surface by energy generation in the center.

The contraction phases come to a halt when temperature and density become
large enough to transform nuclei (Table 13.3 and labels in Fig. 13.1) of low binding
energy (low mass excess) to more tightly bound nuclei, and the rate of energy release
in this process is large enough to balance the energy loss at the surface of the stars
(“luminosity”) or in its interior (due to neutrinos). This theoretical picture of the
basics of massive star evolution, their late evolution stages, and their explosions,
has been known for decades (e.g. [3, 13, 17, 59, 93]).
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Fig. 13.1 Evolution of the central temperature and density in stars of 15 and 25M� from birth
as hydrogen burning stars until iron core collapse (Table 13.1). In general, the trajectories follow
a line of ρ ∝ T 3, but with some deviation downwards (towards higher ρ at a given T ) due to the
decreasing entropy of the core. Non-monotonic behavior is observed when nuclear fuels are ignited
and this is exacerbated in the 15M� model by partial degeneracy of the gas (From [95])

Table 13.3 Hydrostatic nuclear burning stages in massive and very massive
stars. The table gives burning stages, main products (ashes), typical tempera-
tures and burning time scales for a 20M� Population I star (solar composition),
and for a 200M� Population III star (primordial composition)

Burning stage 20M�, Pop I 200M�, Pop III

Fuel
Main
product

T
(109 K)

Time
(year)

T
(109 K)

Time
(year)

H He 0.02 107 0.15 2106

He O, C 0.2 106 0.3 2105

C Ne, Mg 0.8 103 1.2 10
Ne O, Mg 1.5 3 2.5 310−6

O Si, S 2.0 0.8 3.0 210−6

Si Fe 3.5 0.02 4.5 310−7

13.2.1 Hydrogen Burning

The star spends the vast majority of its evolution, about 90%, just fusing hydrogen
to helium. This is generally referred to as the “main-sequence evolution” as stars
during that phase of evolution typically obey a specific relation between surface
temperature and luminosity, the “main sequence” (though some stars, e.g., when
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rotating rapidly, may leave the main sequence while still burning hydrogen in the
center). In massive stars this burning occurs by the CNO cycle. The typical burning
temperature is about 2–3×107 K, and about 7–8% of the energy is carried away by
neutrinos due to weak decays (to fuse four protons to a helium, two of them need to
be converted to neutrons by a β+ decay or electron capture, EC). The neutrino loss
from thermal processes is negligible. Since the proton capture on 14N is the slowest
reaction in the CNO cycle, most of the initial CNO isotopes in the burning region of
massive stars are converted to that isotope, and hence this is what we find as a typical
signature of material that has been exposed to hydrogen burning in massive stars.

For Population III stars no initial CNO elements are present, so in this case the
CNO cycle cannot work – at first. The pp-chains(s) for hydrogen burning do not
provide a high enough nuclear energy generation rate for massive stars to balance
the energy loss at the surface (its luminosity). In this case, the star continues to
contract until a central temperature of 1.2–1.5× 108 K is reached, higher the larger
the mass of the star. At that point it starts to fuse helium to carbon – and makes
the carbon needed for the CNO cycle (recall: that hydrogen is still around as it
could not burn fast enough). We find that the star rebounds to slightly lower central
temperature, usually around 108 K, but still much higher than in the case of later
generations of stars. The amount of carbon mass needed to run the CNO cycle is
remarkably small: only about 10−9! Carbon production continues at some level due
to the high temperature, and just before central hydrogen depletion a central mass
fraction of 10−7 of CNO isotopes is reached. As hydrogen completely depletes in
the center of the star, the final CNO mass fraction (mostly in the form of 14N) may
become as high as 10−5.

13.2.2 Helium Burning

The next burning phase of massive stars is central helium burning.2 At the start of
helium burning, helium is first fused into carbon (triple alpha reaction). Then, as
the carbon mass fraction becomes larger enough, the star starts to fuse carbon with
another helium nucleus to oxygen (12C(α,γ)16O). Generally, the more massive the
star, the larger will be the ratio of oxygen to carbon at the end of central helium
burning. Typical numerical results from current calculations for the final carbon
mass fraction are around 10–20%. Some of the most severe uncertainties in nuclear

2There is another burning phase in between that varies in time scale and importance as a function of
metallicity that is usually omitted but worth while mentioning for completeness: nitrogen burning.
After hydrogen burning is completed, most of the initial metallicity of the star is converted to 14N.
For solar metallicity, the 14N mass fraction in the helium core hence will be about 1–2%; for very
metal-rich stars it may be as high as 10%. 14N burns by two alpha captures and a β+ decay to 22Ne;
the reaction usually is 14N(α ,γ)18F(e+ν e)18O(α ,γ)22Ne. For metal-rich stars this burning phase
can comprise a few percent of the helium burning lifetime and even become a distinct convective
burning episode by itself; for lower metallicity stars is it usually negligible. This reaction can also
be a significant source of 18O where the second alpha capture is not occurring.
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reaction rates for stellar evolution are for this phase of evolution, affecting both the
triple alpha and 12C+ 4He reaction [81].

The typical burning temperature for helium burning is around 2–3×108 K.
Neutrino losses from thermal processes are still negligible, weak processes do not
play a major role. Usually the core helium burning is also paired with a hydrogen-
burning shell just outside the nucleus or core.

Central helium burning in massive stars usually takes around 10% of the star’s
lifetime; the luminosity during this phase is comparable to that during hydrogen
burning,3 withing a factor 2, however, the amount of energy released by helium
burning is only about 10% of that released by hydrogen burning. A significant
fraction of the luminosity of the star during this phase is also supplied by the
hydrogen-burning shell. As a side note for stars of primordial composition: In this
case we typically find a CNO mass fraction of ×10−7 as the hydrogen shell burning
is hotter than central hydrogen burning and hence more 12C is being made by the
triple alpha process.

13.2.3 Carbon Burning

After helium is depleted in the center, the star contracts toward the next burning
phase, carbon burning. During this contraction phase, however, a remarkable
transition occurs: The star gets hot enough to produce pairs of neutrinos and anti-
neutrinos that can leave the star without essentially any further interaction. These
neutrinos also carry away energy directly from the stellar interior, without photons
having to diffuse (or being transported by radiation) to the surface of the star. This
energy loss steeply increases with the temperature of the gas. The star becomes a
“neutrino star” – more luminous in neutrinos than in electromagnetic radiation (light
from the surface). That is, during the post-helium burning contraction phase, the
evolution continuously accelerates, neutrino losses lead to contraction which leads
to higher temperature, which leads to more neutrino losses. A typical time-scale
for this contraction phase is about 10–20 kyr, shorter the more massive the star. This
phase is long enough for the star to change its position in the HR-Diagram – the time
scale of the contraction is typically longer than the thermal (Kelvin-Helmholtz) time
scale of the envelope. For example, the progenitor star of SN 1987A is thought to
have made a transition from a red to a blue supergiant on such a time scale.

Eventually, the temperature becomes high enough to ignite carbon in the center of
the star.4 Carbon burning is by direct fusion of two 12C nuclei. In this reaction only
a little 24Mg is made directly; in most cases 20Ne+ 4He, 23Na+ 1H, or 23Mg+ 1n
are produced. In particular, the lighter particles can react further, e.g., making 20Ne

3It could become lower if the star experiences significant mass loss.
4For stars very close to the lower limit for making supernovae, carbon ignition may occur off-center
as the gas in the center becomes electron-degenerate and hence the heating-contraction-cooling
cycle is interrupted there.
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by capture of 4He on 16O which is still present – dominant – from the preceding
helium burning phase.

The typical time scale for central carbon burning is around 100–1000 years, and
a typical burning temperature is around 8×108 K. Generally, it will proceed faster
when it is radiative than when it is convective – there is less fuel and both the
temperature and neutrino loss rate accelerate quickly as the burning moves outward.
The energy balance in carbon burning is dominated by neutrino losses. At first, when
a central burning (or a convective shell) ignites, some work will be done against
gravity by expansion (pushing the overlaying layers outward), but when the burning
comes into balance, energy generation is balanced by neutrino losses; the size of
the convective regions is such that all the energy generated by burning is carried
away by the neutrinos (“balanced powers”). When the burning extinguishes, the
shell contracts again, and the gravitational energy first deposited is now radiated
away in the form of neutrinos as well. Essentially none of the energy released by the
burning reaches the surface in the form of radiation; whether the star does central
carbon burning – or any later stage – is not observable at the surface. Note, that
the acceleration of the burning by several orders of magnitude is not due to a lower
energy release of carbon burning as compared to helium burning – in fact it is about
comparable – but due to the onset of neutrino losses governing the energy loss from
the stellar interior.

During carbon burning the outer structure of the star typically looks as follows:
The helium-free carbon-oxygen core is surrounded by a, usually powerful hydrogen-
free helium-burning shell. At the outer edge of the helium shell we find a hydrogen-
burning shell. This hydrogen-burning shell may become very weak, depending on
how strong the helium-burning shell is; the stronger the helium shell, the weaker the
hydrogen shell (mirror principle).5

After central carbon burning, carbon fusion will continue in one or several shells
further and further out in the mass coordinate (as measured from the center of the
star) throughout the helium depleted core. The central burning phase can be radiative
or convective; in more massive stars and for lower carbon abundance (which is also
typical for more massive stars, see above) central carbon burning is “radiative”, i.e.,
no central convection zone is present. An example for this is the 22M� star shown in
Fig. 13.2. For lower-mass stars (below ∼ 20M�) central carbon burning is still con-
vective. As this depends on the carbon mass fraction, the exact limit depends on the
uncertainty in the reaction rates that govern helium burning as well. The typical time
scale for carbon shell burning is small compared to convective core carbon burning.

5This is because a powerful helium-burning shell will be radially more extended, pushing the
hydrogen shell further out in radius where it becomes cooler and less dense and burns less
efficiently.
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13.2.4 Neon and Oxygen Burning

The next two burning phases, neon and oxygen burning, are closely related and
usually occur in “pairs”. Neon burning is different from the preceding phases in that
two nuclei are not fused together directly, but rather one nucleus is disassembled
while the other is being built up. Specifically, the first reaction 20Ne(γ,α)16O is
triggered by an energetic photon in the tail of the Planck spectrum and disassembles
a 20Ne nucleus, an endoergic reaction. The 4He released can then be used to fuse
with another 20Ne to make 24Mg, an even more exoergic reaction, so that the
resulting net reaction, 2 20Ne → 16O+ 24Mg is exoergic. The neon burnt in this
phase originates mostly from carbon burning, consequently the more carbon the
star made, the more 20Ne will there be to burn.6 The typical burning temperature is
around 1.5×109 K and the time scale is less than a year.

Oxygen burning is the heaviest burning stage that occurs by directly fusing two
nuclei (of 16O) together. Oxygen is the dominant species at the beginning of oxygen
burning, around 80%. Typical burning temperatures are around 2–2.5×109 K.
Central oxygen burning takes about 1 year or less; shell burning phases are faster.
As with carbon burning, the excited 32S

∗ nucleus made by fusing the two oxygen
nuclei dominantly de-excites by n, p, or 4He emission which do react further; 28Si
usually is the dominant final product, with 32S a close second.

Oxygen burning follows shortly after a (central or shell) neon burning phase, and
we find that a sequence of central and shell burning phases occurs in pairs of neon
and oxygen burning shells. All of the energy produced by oxygen and neon burning
is carried away by neutrinos; essentially none of it reaches the surface in the form
of photons. In other words, the thermal time scale of the envelope, even the helium
shell, is now much shorter than the evolution time scale in the core. We cannot tell
whether a star is burning neon or oxygen in the center, or none of the above. Most of
the stars we observe are not, because the phase is so brief compared to the lifetime of
the star. Only when we see the supernova do we know that the star initiated oxygen
burning a year before.

13.2.5 Silicon Burning

This is the last hydrostatic burning phase in the life of a massive star. More correctly
it should be named “silicon and sulfur burning” as these two species contribute
almost equally. The reaction sequence governing this burning phase is similar to
that of neon burning: some nuclei are disassembled while others are being built up.
Along the way, weak decays or electron captures convert some of the protons into
neutrons. The final result is a core of isotopes of the iron group, an “iron core”. No

6For the more massive stars a significant fraction of 20Ne can already be made at the end of central
helium burning and survives through carbon burning.



13 The Final Stages of Massive Star Evolution and Their Supernovae 307

more energy can be gained by fusing these nuclei further. The typical time scale for
silicon burning is about 1 week, and the temperature is about 3.5×109 K.

After the central burning phase, silicon burning continues in shells until the iron
core in the center collapses under it own weight. As it contracts, temperature rises,
but instead of igniting another burning phase as it always occurred in the preceding
episodes of stellar evolution, now there is no more fuel to burn. Instead, electron
captures continue to decrease the pressure support from the degenerate electrons,
and the iron nuclei start to disintegrate into lighter particles (mostly 4He at first), a
process that takes a lot of energy. Both processes accelerate the collapse further. At
the end of this collapse phase, a neutron star or a black hole forms, and a supernova
may result.

13.2.6 Summary of Nuclear Burning

Figure 13.2 shows all of the central and shell burning phases for a star of
22M� initial mass and initial solar composition, and no rotation. Note that all
burning phases except carbon start out as a convective (green hatching) central
burning phase. The central burning is then followed by one or several shell burning
phases. It is important to realize that these convective regions evolve essentially
chemically homogeneously. When the burning phase ends, the fuel is depleted in
the entire convective region. Hence the next burning shell of the same fuel will
ignite somewhere toward the upper edge of that convection zone (and it will not
necessarily always be convective itself, as, e.g., in the case of central carbon burning
in the star shown here).

When we look at Fig. 13.2, we see that all of the nuclear fusion phases depend
on the previous phases. Sometimes there are central and one or more shell burning
phases before the next burning phase starts in the center. Depending on the mass
of the core left behind, sometimes one more shell burning phase is needed before
the next phase can ignite. If the core mass was just below the threshold limit, the
ensuing evolution would be quite different than if it was just above. As a result, the
late evolution phases of massive stars can be a non-linear function of the initial
parameters for massive stars – it can even determine whether the star creates a
neutron star or a black hole, and whether it ends its life as a bright supernova or
just faintly disappears.

13.3 Supernovae from Massive Stars

Table 13.4 gives a comprehensive overview of the different types of supernovae.
Supernovae resulting from the interaction of two stars, like coalescing white dwarfs
or neutron stars, or a combination thereof are not included. The table is sorted
by increasing initial stellar mass and includes the type of progenitor star at the
time of explosions (see also Fig. 13.3), a rough mass scale, the physical model for
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the explosion mechanism, the typical type of supernova explosion, the explosion
energy (in Bethe, 1B = 1051 erg), the physical energy source, and the Population
(metallicity) of a typical progenitor. The mass ranges given are from a specific
numerical stellar evolution model code (KEPLER [86]) and for commonly used
assumptions on physical processes like mixing. For other stellar evolution codes the
results may vary by 10% or more [65]. The reader is referred to the review papers
[35, 76, 95].

13.3.1 Low-Mass Supernovae

For completeness, two types of supernovae (SNe) from “relatively low-mass
stars” are also included: Type Ia supernovae and accretion-induced collapse (AIC)
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Fig. 13.3 Initial-final mass function (IFMF) of non-rotating stars of solar composition. Similar to
Fig. 13.5. Mass loss reduces the mass of the envelope (blue curve) until, for a mass above ∼33 M�,
the helium core is uncovered before the star reaches core collapse. At this point the star becomes a
Wolf-Rayet (WR) star and the strong WR mass loss sets in. We give two scenarios for the uncertain
strength of the WR mass loss rate: The short dashed red and blue lines are for a high mass loss rate.
Here a “window” of initial masses may exist around 50M� where neutron stars are still formed
(bounded by higher and lower mass stars that make black holes). For a low WR mass loss rate (long
dashed red and blue lines) the final mass at core collapse is higher and the “neutron star window”
may not exist. Then only black holes are formed above ∼21 M�. “RSG” (red supergiant), “WE”,
“WC”, and “WO” (Wolf-Rayet star spectral sub-types) indicate the last mass loss phase and the
type star when it explodes. The heavy element production (green and green cross hatched) is given
only for the low mass loss case (from [95])

supernovae (first two lines of Table 13.4). In both cases there is a binary star system
in which one star has evolved to become a white dwarf star – presumably the initially
more massive star, though more complicated scenarios have been discussed in the
literature – that accretes material from a close companion star. Eventually the white
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dwarf star approaches the Chandrasekhar limit – the maximum mass for the white
dwarf – and then the supernova is initiated. The result is very different depending
on the kind of white dwarf star:

For carbon-oxygen (CO) white dwarf stars, due to the increasing density the
carbon burning rate becomes fast enough that its energy generation overcomes
the neutrino losses and center of the star becomes convective. This happens about
1,000 year before the supernova. The convection region slowly grows, heating an
increasingly larger part of the star. The temperature continues to rise. Eventually
a significant part of the white dwarf is convective, and the convection becomes
increasingly more violent. Finally, the burning time-scale of fluid elements in
the center becomes short compared to their cooling or mixing time-scale and
thermonuclear runaway occurs [101]. Within about a second, the entire star is
incinerated, blows up, and a Type Ia supernova occurs [45, 68]. For the progenitor,
the limiting mass is such that it must result from a stellar core low enough in mass
to not ignite central carbon burning. In commonly discussed scenarios, this implies
that the CO white dwarf has no more than about 1.1M� when it is born; it will have
to accrete about 0.3M� before it reaches the Chandrasekhar limit. Other scenarios
for Type Ia SNe have also been discussed e.g., binary white dwarf coalescence and
sub-Chandrasekhar mass models where a thick helium layer at the surface triggers
the supernova [47, 70, 92].

For oxygen-neon-magnesium (ONeMg) white dwarfs ignition of oxygen requires
much higher density than what was needed for carbon ignition in CO WDs. Instead,
the Fermi energy of the degenerate electron gas becomes so high that the electron
capture on nuclei (23Na, ...). This increases the mass per electron and the star
contracts to even higher electron densities and electron Fermi energies, a runaway
process. By the time oxygen could ignite, the binding energy of the star is larger than
the energy that could be obtained from oxygen burning. Instead, the star continues
to collapse to a neutron star [58]. This is called this an electron capture supernova
(ECSN). The optical display from such a collapse is probably rather faint. It comes
from a very compact object, a WD, and little mass is probably ejected. For a review
and numerical simulations that also include rotation, see [1, 19].

Both of the above supernova scenarios include a binary star companion from
which mass is accreted. Something similar, however, may occur inside the star itself
if the core continues to grow during the AGB phase. Then, the competition between
core growth in the center and mass loss from the surface determines whether the core
can reach the Chandrasekhar limit or the envelope is lost before that and just a white
dwarf star is left behind [65]. If the underlying core is a CO WD, the result is an
object that often is referred to as “Type I.5” or “Type IIa” SN, essentially a Type Ia
supernova exploding inside a hydrogen-rich red supergiant. The resulting supernova
may be quite bright. In case the underlying core is a ONeMg WD, the resulting
supernova may be somewhat less bright. Due to the steep density gradient at the edge
of the core, less energy may be released and little enriched material is ejected [39,67,
85]. This entire discussion is based on theoretical models. Association with specific
supernovae and observational evidence has to studied on a case-by-case basis.
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13.3.2 Core Collapse Supernovae

The typical range of initial masses is about 10–100M� for those stars that pass
though all of the nuclear burning phases outlined in Sect. 13.2 (Table 13.3) and
build up an iron core that finally collapses. A detailed discussion of such stars and
their supernovae can also be found in [90].

As far as the ensuing supernova is concerned, there can be complications
depending on whether a neutron star or a black is made and whether the hydrogen
envelope was previously lost (or how much of it is left), or not, or even if the helium
layer has been removed from the surface of the star. There can also be a minor
complication depending whether the remaining hydrogen envelope is extended (red
supergiant) or not (blue supergiant or WNL star), the former usually resulting in
brighter supernovae.

Back to our Table 13.4. For stars of solar metallicity we estimate that for initial
masses somewhere around ∼35M� the hydrogen envelope is lost by the time the
core collapses [22, 35] due to stellar winds and episodic mass loss. Stars of lower
mass explode as Type II supernovae (hydrogen present in spectrum), whereas stars
of higher mass are observed as Type Ib or Ic supernovae (not Type Ia) [35]. The
detailed mass loss rates of stars as a function of initial mass, metallicity, and the
different evolutionary stages, however are not known very accurately. This largely
limits the accuracy of the above mass estimate. It may depend on some of the other
factors for stellar models mentioned above. In particular, there may also be high
mass loss episodes like eruptions that not well understood theoretically nor are the
energies and mass lost well known from observations. Such eruptions may cause
more extreme mass loss than assumed here. The exact time scale and sequence a
star spends as red or blue supergiant is also not well known, and different mass loss
rates are associated with these two stages.

For stars below �20M� [26] a neutron star is made. Due mostly to neutrino
energy deposition from the hot neutron star (in most cases), within about a second or
less a shock is driven outward that causes the supernova explosion (e.g. [42,43,91])
with a characteristic explosion energy of about 1B (1051 erg) [4, 93]. For a typical
supernova, about �99% of the total energy supply, ∼0.2M� c2 is released in the
form of neutrinos, less than 1% (but sill 1B) goes into kinetic energy of the ejecta,
and only ∼1049 erg go into observable light during the supernova explosion (some
of the kinetic energy may thermalize later). Other mechanisms of powering bright
supernovae have been suggested, e.g., the formation of a fast-spinning magnetized
neutron star [46,88]. In this case rotational energy (some fraction of the gravitational
binding energy) could be deposited in the form of electromagnetic work much more
efficiently than in the case of neutrinos.

For initial stellar masses above �20M� we expect the star to form a black
hole rather than a neutron star. The exact transition regime is not clear at present.
We do not even know what the maximum mass of a neutron star is in the first
place [18]. We also do not know whether there is large regime of initial masses
in which first a massive hot neutron star is formed that then only later collapses to
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a black hole. In the latter case, those stars could still have a supernova explosions
powered by the same mechanism that works for stars that make neutron stars, but
leave behind a black hole instead. Observationally, we would observe a neutrino
signal that suddenly shuts off (provided the SN is close enough we can measure
the neutrinos). There certainly would also be a distinct signal for gravitational wave
detectors should they ever see supernovae. Another complication is that despite the
formation of a supernova shock, not all the material that moves outward at first may
actually escape; some of it may fall back, and if the resulting total mass exceeds the
maximum mass of a neutron star, a black hole would result [100].

On the other hand, even if a black hole was formed directly, for stars of high
enough initial mass, there may still be an explosion. One possible mechanism for
that is the collapsar model [87] initially conceived to explain gamma-ray bursts. For
gamma-ray bursts (GRBs), the jet has to escape from the star on a time scale of
the duration of the observed burst (a few to some 100 s), i.e., the travel time of the
jet through the star should not be much bigger than the duration. This requires an
early-type Wolf Rayet star, and excludes stars with hydrogen envelopes [52, 99].
But the mechanism may still work in other stars, giving a potentially powerful
supernova explosion, even if there is no gamma-ray burst. On the other hand,
powerful supernovae have been observed in association with gamma-ray bursts [94].
Such supernovae could be several times more energetic than normal supernovae,
though they may not necessarily be correspondingly brighter as well. The gamma-
ray burst itself, however, if pointed at us, can be much brighter than a regular
supernova.

13.4 Very Massive Stars and Their Supernovae

Generally, we call stars of more than 100M� “very massive.” From the point of view
of physics, this distinction is motivated by the onset of the pair instability near this
initial mass. Until recently, it was thought that star of such high mass would form
only rarely, if at all. A famous counter example is η Car, and if they did form, they
would always loose so much mass before they die that their stellar deaths would
essentially be indistinguishable from stars of lower initial mass.

Continuing our discussion of mass ranges as guided by Table 13.3, we will start
by first discussing pair-instability supernovae (PSNe) and then the pulsational pair-
instability supernovae (PPSNe), although the latter come from stars of lower mass.

13.4.1 Pair Instability Supernovae

Pair-Instability supernovae occur in helium cores of about 65–133M� [32]. Without
stellar mass loss, this corresponds to a range of initial masses of about 150–260M�.
The prediction of this kind of supernovae, and the physical mechanism, as well as
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the nucleosynthesis produced have been known for some time [7, 20, 60, 73]. The
physical mechanism is as follows: After central carbon burning (which is radiative in
these massive stars), the entropy in these stars is high enough that they will produce
electron-positron pairs (hence the name of the instability). This uses up some of
the internal energy of the gas and converts it into the rest mass of electrons and
positrons. The equation of state (EOS) of these stars, on the other hand, is dominated
by radiation pressure, already very close to marginal stability. The pair creation
now reduces the pressure just below stability, and the star becomes unstable. The
increased gravity, when the star is compressed, is not outweighed by a sufficiently
large increase in pressure7 and a runaway collapse occurs. As the temperature rises,
nuclear burning sets in and increases the entropy further. First neon and oxygen then
silicon burn on a time scale of seconds as the star collapses.

Eventually, the temperature, due to compression and burning, can become high
enough so that the electron-positron pairs created have enough energy to also
contribute to the pressure and the pair-instability regime of the EOS is left. The
nuclear burning in this regime produces enough energy to entirely disrupt the
star; the kinetic energy can be as much as 100 times that of a normal supernova
(Fig. 13.4).

At the low-mass end of the PSN regime the burning just barely goes through
oxygen burning before the collapse is turned around. The explosion energy at this
point is only about 4B. As the mass increases, the burning runs through oxygen
burning and silicon burning, making mostly 56Ni in the center of the star. At the
upper end of the mass regime a new kind of physics happens. The temperature
becomes so high that 56Ni is being photo-disintegrated back into alpha particles
(4He) – which costs a lot of energy. The burning further out, however, can provide
enough energy to still turn the collapse around.8 But for even higher mass, these
alpha particles are also photo-disintegrated into free nucleons, sort of the reverse
of hydrogen burning, which costs even more energy. If this point is reached, the
collapse cannot be turned around; this determines the upper mass limit for the pair
instability regime (Fig. 13.5). In the simulations this is a rather sharp transition from
very powerful explosion to complete collapse; there are no partial explosions.

13.4.2 Pulsational Pair Instability Supernovae

For helium cores of �65M� (initial stellar masses �150M� for stars without mass
loss or rotation), the energy release of the burning during the pair instability is not

7The adiabatic exponent of the gas drops below the critical adiabatic exponent needed for stability
of the stars, which is 4/3; a completely radiation-dominated gas just has an adiabatic exponent of
4/3, the ideal ions gas has an adiabatic exponent of 5/3, so the sum of both usually gives something
just slightly above 4/3 in such massive stars – until the pair-creation reduced the photon part to
below 4/3.
8Strictly speaking, the stability of the star is determined by

∫ M
0 γ(m) P(m)

ρ(m) dm > 4
3

∫ M
0

P(m)
ρ(m) dm.
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Fig. 13.4 Explosion energy and main nucleosynthesis yield of pair instability supernovae as a
function of helium core mass. A 133M� helium star explodes at about 100× the mass of a
Type I supernova, 100× the explosion energy, and 100× the 56Ni mass produced – 100 Type
Ia supernovae in one spot. The energy unit on the right hand side, “foe”, stands for 1051 erg (“ten
to fify one erg”.), a unit coined by Hans Bethe; in his honor now a new unit “B” (Bethe) as been
introduced for this energy scale (1B= 1×1051 erg) (from [95])

enough to entirely disrupt the star. Even though the total energy of the star may
be positive when the collapse turns into an expansion, and in fact continues for
some small time, much of the momentum is transferred into the outer layers which
are ejected at high velocity, while the inner part is pulled back by gravity. The
result is only a pulse with ejection of the outer layers, not a terminal explosion.
We may call this a supernova “impostor”, though in effect, in terms of the energy
and mass ejected, it is more like a supernova than anything else. Potentially, some
of them may even be as bright as a supernova, but only during the first pulse. Even
normal core collapse supernova leave behind a neutron star or a black hole; in this
case the massive star survives, so it would be still reasonable to call these pulses
“supernovae” rather than supernova impostors, as the outbursts involve the entire
star and an energy source from its center.

In the case discussed here, however, what is left behind after the pulse may still
be massive enough to undergo further pulses. The pulses will continue until the
object has shrunk below the limiting mass of �45M� for the hydrogen-free core.
This could be just a few, or dozens of pulses, depending on how energetic they are.
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Fig. 13.5 Initial-final mass function (IFMF) of non-rotating primordial stars (Z = 0). The x-axis
gives the initial stellar mass. The y-axis gives both the final mass of the collapsed remnant (thick
red curve) and the mass of the star when the event begins that produces that remnant (e.g., mass
loss in AGB stars, supernova explosion for those stars that make a neutron star, etc.; thick blue
curve). Dark green indicates regions of heavy element (Z > 2) synthesis and cross-hatched green,
regions of partial helium burning to carbon and oxygen. We distinguish four regimes of initial
mass: low mass stars below ∼10M� that form white dwarfs; massive stars between ∼10 and
∼100M�; very massive stars between ∼100 and ∼1,000M�; and supermassive stars (arbitrarily)
above ∼1,000M�. Since no mass loss is expected for Z = 0 stars, the blue curve corresponds
approximately to the line of no mass loss (dotted), except for ∼100–140M� where the pulsational
pair-instability ejects the outer layers of the star before it collapses, and above ∼500 M� where
pulsational instabilities in red supergiants may lead to significant mass loss. Since the magnitude
of the latter is uncertain, lines are dashed. In the low mass regime we assume, even in Z = 0
stars, that mass loss on the asymptotic giant branch (AGB) removes the envelope of the star
leaving a CO or NeO white dwarf (though the mechanism and thus the resulting initial-final
mass function may differ from solar composition stars). Massive stars are defined by stars that
ignite carbon and oxygen burning non-degenerately and do not leave white dwarfs. The hydrogen-
rich envelope and parts of the helium core (dash-double-dotted curve) are ejected in a supernova
explosion. Below initial masses of ∼25M� neutron stars are formed. Above that, black holes
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When the mass has dropped below the limiting mass, we expect that the evolution
will continue like that of any other massive star that has lost the hydrogen (and
possibly helium) envelope due to some other mass loss mechanism, form a big iron
core than eventually collapses and make a black hole. The terminal collapse could
still be accompanied by a gamma-ray burst.

The detailed sequence of pulses can be very complicated and has not been studied
in detail as a function of mass. This is because of the interaction of the neon, oxygen,
and silicon shell burning during the pulses, and the feedback on the mass ejected.
We expect a general relation between pulse energy and recurrence time which is
also found in simulations. If the pulse is very energetic, the next pulse will take a
longer time to occur than if the pulse was less energetic. If the entropy generated
by the pulse was low, the temperature in the star when it settles back to hydrostatic
equilibrium will be high and can cool efficiently by neutrinos, so the next pulse
can ensue swiftly as the star contracts to pair-instability conditions. If, on the other
hand, the pulse was energetic and a lot of entropy was generated, the star will be
more extended and cooler when it gets back into hydrostatic equilibrium. In this
case neutrino cooling will be less efficient or absent. In the extreme case, the star
has to cool on the Kelvin-Helmholtz time scale for photon emission at the surface,
some 10,000 year, whereas in the other extreme of a weak pulse it may be just weeks
or less for the next pulse.

Can the eruptions of Eta Car be a pulsational pair instability? For the
pulsational pair instability we would expect that even the first pulse would eject the
hydrogen envelope. At least for red giant stars, the binding energy of the envelope
is less than the energy of even a weak pulse of 1049 erg. It will be much higher for
a blue star. But in order to have a delay between outbursts of ∼100 years we would
expect that the energy of the pulse would have to be at least some 1051 erg (Eta
Car’s luminous energy in the great eruption was ∼1050 erg [40], although very high
velocity gas recently detected in the outer ejecta suggests that its kinetic energy may
have rivaled that of a SN9), and all the mass would be ejected in just one SN-like
ejection, not as a continuous surface event lasting 20 years, as in the case of η Car.

�
Fig. 13.5 (continued) form, either in a delayed manner by fall back of the ejecta, or directly
during iron core collapse (above ∼40M�). The defining characteristic of very massive stars is
the electron-positron pair instability after carbon burning. This begins as a pulsational instability
for helium cores of ∼40M� (MZAMS ∼100M�). As the mass increases, the pulsations become
more violent, ejecting any remaining hydrogen envelope and an increasing fraction of the helium
core itself. An iron core can still form in hydrostatic equilibrium in such stars, but it collapses
to a black hole. Above MHe = 63M� or about MZAMS = 140M�, and on up to MHe = 133M�
or about MZAMS = 260M� a single pulse disrupts the star. Above 260M�, the pair instability in
non-rotating stars results in complete collapse to a black hole (from [95])

9See Chap. 7
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It would also be accompanied by a shock hitting the surface of the star that would
make a flash of X-rays or gamma-rays.10

Another interesting prediction from pulsational pair instabilities is that the
ejected shells themselves could actually “interact”. So not only could each pulse
produce a supernova “impostor”, but when the two shells collide, the kinetic energy
could be thermalized and make a rather bright display because the shells would be
optically thin, and the radiation not trapped as it is the case in normal core collapse
supernova where only 1% of the energy can escape in the form of radiation, the rest
is kinetic. Such an interaction has been suggested as a possible model for one of the
brightest supernovae observed recently, SN 2006gy [96].

For both, PSN and PPSN to occur, the star must keep enough mass through the
end of helium burning (the contraction toward carbon burning is comparably fast,
though the star does undergo some structural changes during that phase which can
affect mass loss). Hence the big question that we cannot answer from theory at the
present is whether modern stars in the galaxy can retain that much mass or would
always lose too much mass before reaching the final stages. And if so, what is the
limiting metallicity, or the limiting mass as a function of metallicity to make pair
instability supernovae?

13.4.3 Beyond Pair Instability

For helium cores more massive than about ∼133M� (initial masses �260M�
without mass loss or rotation) the onset of photo-disintegration in the center will
lead to collapse rather than explosion. For stars with rotation, we may still find
some characteristic observable signatures, maybe a flash in the X-ray band (if the
star was at high redshift) [27]. For stars up to about ∼150,000M� we would
expect to see just a collapse to a black hole during or at the end of the hydrostatic
burning evolution. Stars of even higher mass cannot reach a state of hydrostatic
and thermal equilibrium; in this case general relativity demands that the adiabatic
exponent of the gas has to be larger than 4/3 for stability of the star11 whereas
the actual adiabatic exponent of the gas continues to decrease toward 4/3 as the
stars become more radiation-dominated the more massive they are. If the initial
composition of the star was sufficiently enriched in metals, a powerful explosion
may be triggered due to rapid burning [28]. The question about these supermassive
stars does bear some relevance to the question of making large seed black holes
for the supermassive black holes present at the centers of galaxies, and appear to be

10Editor’s note: Two recent supernovae have been confirmed to have had eruptions only a few years
prior to the terminal explosion. See the Chaps. 10 and 11.
11Of course it always does, but it only becomes a large enough effect to be relevant for stars of that
large mass.
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present in quasars when the universe was just a billion years old [23,68,71]. Starting
with a big seed would make it easier to explain these black holes, but we will have
to explain how to make such big stars.

13.5 Primordial Stars

The first stars to form after the big bang may have been quite different from stars
that form today. They formed from the primordial gas left over by the big bang –
essentially just hydrogen and helium. This unique composition may have influenced
both their formation and their evolution. Later generations of stars were polluted
by the metals made by this first generation. Even if pockets of such gas were still
around today [72], their formation environment would have changed [62], so one of
the key properties we discuss below, the initial mass function, would have changed.
Not being able to observe them or their supernovae directly, they appear somewhat
elusive, but yet, a first generation surely must have existed.

13.5.1 Formation of the First Stars

Regions of star formation today are cold molecular clouds filled with dust and
penetrated by magnetic fields made by the galaxy and stellar explosions. But,
the environment of first star formation was quite different. Hot atomic hydrogen
from cosmic recombination was pulled together by overdensities of dark matter.
Cooling of that gas was inefficient due to lack of metals and there were probably
no strong magnetic fields. Theoretical models predict that due to the higher gas
temperature, the characteristic initial mass of primordial stars would be much higher
[14, 51, 75]. The first detailed numerical simulations of the formation of primordial
stars suggested that they may have been quite massive, around 100M� with values
in the literature ranging from lower limits around 30M� to more than 300M� (e.g.
[2, 9–11, 57, 61]). A good review on the state of star formation theory 5 years ago
can be found in [12].

Whereas the paradigm for a long time had been that primordial stars would
always form as single stars from a monolithic collapse of the giant gas cloud, more
recent simulations that allow much higher numerical resolution in the center of the
star-forming region now indicate that a significant fraction of these, maybe most,
may form as binaries (e.g. [30, 82]). Most of these calculations cannot yet follow
the evolution of early binary star to final stars, so the outcome is not yet fully clear.
This opens the possibility that the massive stars in Population III could have had an
IMF similar to massive stars today.

On another avenue, supermassive star formation (Sect. 13.4.3), has been fueled
by the idea of dark-matter annihilation in pre-galactic stars; a phenomenological
particle physics model for dark matter. “Weakly interacting massive particles”
(WIMPs), could self-annihilate inside stars in the early universe when the dark
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matter density was still much higher than it is today ([25, 41], and references
therein). The first stars would actually form in the regions of largest overdensities
for dark matter. Some optimistic models suggest that this could power stars for
some time, hold up their contraction and evolution, and that way they could pick up
1,000M� or more. Maybe even much more.

13.5.2 Evolution and Nucleosynthesis of the First Stars

Figure 13.5 shows the fate of massive Pop III stars, their supernovae and their
remnants, as a function of initial mass. In contrast to Fig. 13.3 the main difference
is that we assume no significant mass loss would happen before the star reaches the
final supernova stage (only for the pulsational pair instability regime we indicate the
loss of the outer layers of the star prior to core collapse).

The reduced – or vanishing – mass loss is one of the key ingredients for how
primordial stars may behave differently. The changes to hydrogen burning have
been discussed in Sect. 13.2.1. In the past it was been suggested that stars more
massive than about 60M� would be pulsationally unstable due to the “epsilon-
mechanism” [74].12 It has been shown, however, that this mechanism does not
work for primordial stars due to the different way in which hydrogen burning is
started [5]. If anything, this mechanism would only operate at higher metallicity,
but in more metal-rich stars, opacity-driven oscillations at the outer layers would
dominate [29].

Besides the traditional picture that Population III stars may hold on to most of
their initial mass, those stars would also be more compact at the time they die; they
would be blue supergiants, not red supergiants. Accordingly, they would have more
fallback after the supernova explosion [33], making bigger remnants. Because of
the more compact envelope, there would be less Rayleigh-Taylor instabilities after
the passage of the SN shock inside the star, and accordingly less mixing [44]. Both
of these seem to be consistent with observed abundance patterns of the most metal-
poor stars in the galaxy [16,24,48]. Hence it is our hope that whereas we are not able
to directly observe the first, observing their ashes, their nucleosynthesis fingerprints
as preserved in ultra- and extremely metal-poor stars in the Galactic halo, we will
be able to determine the IMF of the first generation of stars indirectly. Interestingly,
preliminary results by [33] suggest that the average abundances observed by [15] do
not appear to indicate the need for a deviation from the standard Salpeter IMF for
massive Population III stars.

12nuclear-powered pulsations due to the high temperature sensitivity of the nuclear burning
combined with the radiation-dominated equation of state of such massive stars.
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13.5.3 Pair Instability Supernovae

This leaves the question whether there could have been a population of very massive
stars early on during the epoch of primordial stars. Interestingly, a prediction about
the nucleosynthesis yields of Population III does exist [32] (see also Fig. 13.4). The
main point is that those stars would not make compact remnants, there is no neutron
star and there would be no r-process. There are no initial metals, so there would
be no s-process; in fact, these stars would make a very strong odd-even effect as
a function of nuclear charge: elements of odd charge number would be about two
orders of magnitude under-abundant relative to elements with even charge number,
when compared to the solar abundance pattern. If we were to further assume that the
ejecta of these early stars are incorporated in a next generation of metal-poor stars,
we should find some of them that show such an abundance pattern. None have been
found to date. Possible explanations are: (1) the second generation of stars that were
enriched by the ejecta of pair-instability supernovae may also have been massive
and therefore all of them have died by now, or (2) they enriched the next generation
of stars to higher metallicities than just “extremely metal poor”; however, these stars
are very rare and have not been found yet – most stars of higher metallicity were
made later –, or (3) these stars formed in the regions of the highest overdensities
that now are in the center of the Galaxy, not in the halo. So we just have not looked
in the right place!

13.6 Summary and Outlook

The fundamental theory of the physics of the late stages of massive star evolution has
been well known for a long time. In the last decades little has changed in our basic
picture but some major uncertainties for real stars still exist [21, 55]. Uncertainties
in the theory and modeling for mixing in stars remain, starting with the modeling
of convection based on mixing-length theory [6, 66], the question of convective
“overshooting” or penetration, and whether to use the Ledoux or the Schwarzschild
criterion for determining convective boundaries. The formulation and efficiency of
thermal transport and chemical mixing in semiconvective regions has been heavily
debated in the literature for decades [49,50,77], but is still not solved. This is in addi-
tion to modeling rotation and magnetic fields in stars mentioned in the Introduction.

The other major source of uncertainty is mass loss. Red giant mass loss rates are
largely unknown, though there have been some recent new approaches in modeling
the final red supergiant phases of massive stars [97]. But for modeling the evolution
of the most massive stars, an understanding of stellar eruptions and episodic mass
loss as observed in η Car and similar very massive stars is essential. This is
particularly true for the first generation of stars, assuming that they were very
massive and may have behaved similarly. At the present, little about the detailed
mechanism for the eruptions is known, though some suggestions can be found
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in the literature (e.g. [63, 83]). The pulsational pair-instability supernova (PPSN)
mechanism does not seem a viable candidate (Sect. 13.4.2).

Hence a major challenge for stellar evolution theory will be to understand the
observed massive ejections and that are not predicted by current theory. Only then
will be able to extend our understanding of stellar evolution and stellar death to the
high-mass end of the IMF and to the first generations of stars in the universe.
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