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ABSTRACT 
We have obtained spectra of the site of the unique Type V supernova SN 1961V in NGC 1058, and of two 

nearby H n regions. Broad (FWHM « 2100 km s_1) Ha emission, with a luminosity of 2 x 1036 ergs s_1, is 
detected at the position of SN 1961V. SN 1961V is thus the first historical extragalactic object classified as a 
supernova to be optically recovered. The “east H n region,” about l':6 northeast of SN 1961V, is a small 
high-excitation H n region, with strong [O n], [N n], and [S n] lines for its excitation, and no detectable 
continuum. The temperature of the ionizing star must be greater than 45,000 K, but the H n region requires 
only a small fraction of the ionizing flux that such a star would produce. We argue that the east region is 
probably ionized by the SN 1961V progenitor, some 60 pc distant, and intercepts only a fraction of the ion- 
izing flux from that star. The nearby “west H n region” is an intermediate-age supernova remnant, similar in 
its optical and radio properties to the most luminous supernova remnants in M31 and M33, but is not obvi- 
ously associated with SN 1961V. 

We believe that SN 1961V was not a supernova (the explosion of a massive star at the end of its life) but 
the superoutburst of a luminous blue variable—an exaggerated r¡ Carinae—type outburst of a very massive, 
evolved star near the end of core hydrogen burning. The long plateau in the light curve following outburst, at 
nearly the same brightness as the preoutburst star, suggests that the progenitor survived the outburst and was 
seen for more than 4 years afterward. It eventually faded because of the formation of optically thick dust in 
the ejecta, which amounts to only ~1-10 M0. The progenitor is one of the most massive and luminous 
known stars, with a zero-age main-sequence (ZAMS) mass >240 M0 and a current mass >170 M0. The 
major reduction in mass is a direct result of mass lost during core hydrogen burning through a wind, and 
perhaps previous large episodic events. The hot underlying star should therefore now be of type Of/WN, like 
the S Doradus star R127 in the Large Magellanic Cloud but several times more luminous. During outburst 
the star had the spectrum and colors of an F supergiant, formed in an extended optically thick wind, and was 
thus optically very bright, partly at the expense of a changing bolometric correction. In addition, considerable 
thermal radiation was apparently liberated from the material ejected by the star, resulting in the energetic 
outburst observed. Such a star can account for both the high excitation of the nearby east H n region and the 
extreme visual brightness of the progenitor without requiring an unreasonably high mass or luminosity. 

Our observed Ha flux from the site of SN 1961V suggests a circumstellar extinction of Av % 5 mag, if the 
surviving star resembles y¡ Car. The present brightness of the star should be near V ä 27 mag with a large 
uncertainty. The infrared brightness should be much higher. 
Subject headings', nebulae: H n regions — stars: massive — stars: mass loss — stars: supernovae ^— 

stars : variables 

I. INTRODUCTION 

SN 1961V in the Sc galaxy NGC 1058 (cz = 518 km s_1; 
Sandage and Tammann 1981) is the prototype, and the only 
generally recognized example, of the Type V supernovae 
(Zwicky 1965; Oke and Searle 1974). Its characteristics are 
clearly distinct from those of Type I and II events (Bertola 
1963), and it is also the only supernova other than SN 1987A 
with a known progenitor star. An 18th magnitude star was 
visible at the supernova site on preoutburst plates dating back 
to 1937 October (Bertola 1964; Zwicky 1964). This progenitor 
was extraordinarily luminous, Mpg = - 12.1 (dereddened) for 

1 Lick Observatory Bulletin, No. 1128. 
2 Institute of Geophysics and Planetary Physics at Lawrence Livermore 

National Laboratory. 

a distance of 8 Mpc, making it easily the brightest star in NGC 
1058 and possibly the brightest known individual star in any 
galaxy. The progenitor was last seen at this brightness on 1960 
September 14 (Bertola 1963); by 1960 November 21 it was 2 
mag brighter at mpg = 15.8 (Bertola 1963; Zwicky 1964). The 
outburst was not discovered, however, until 1961 July, some 8 
months later. By this time it had climbed to mpg = 14, and it 
remained at this brightness for another 5 months. 

The light curve of SN 1961V (Bertola 1964; Utrobin 1984; 
Doggett and Branch 1985) is remarkable both for its duration 
and structure. The star reached a brief maximum in 1961 
December at mpg = 12.5, half a magnitude brighter than the 
normal Type II-P supernova 1969L in the same galaxy (Ciatti, 
Rosino, and Bertola 1971 ; Kirshner et al. 1973). It then quickly 
faded to mpg = 17, paused at this brightness for 6 months, then 
continued a rapid decline to mpg = 18.5-19 by early 1963, over 
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2 years after the beginning of the outburst and just over a year 
past maximum light. At this time the object was 0.5-1 mag 
fainter than the presupernova star. It remained near mpg =19 
for another 4 years (!), through early 1967 (Bertola 1967). The 
star faded below visibility (mpg > 22) by 1968 September when 
only the faint H n regions near the supernova could be seen 
(Bertola and Arp 1970; Fesen 1985). 

The spectra and colors of the outburst (Branch and Green- 
stein 1971) were as remarkable as the light curve. The spectrum 
of the supernova was unlike any seen before, displaying narrow 
emission lines of hydrogen, helium, and singly ionized iron that 
indicated an expansion velocity of only ~2000 km s-1. These 
characteristics were more like those of a normal nova near 
maximum light. A He/H abundance ratio of at least 4 times 
solar is suggested by the strength of the He lines. The spectrum 
and continuum colors remained remarkably constant through- 
out the outburst, even after a 4.5 mag decline. In particular, 
during 18 months of monitoring, SN 1961V never underwent 
the dramatic transition to a “ supernebular ” spectrum 
(Wheeler et al. 1986), characteristic of old normal supernovae. 
Bertola (1965) obtained broad-band photoelectric photometry 
of the outburst for 4 months around maximum light. Again, 
the colors were remarkably constant, resembling those of an F 
supergiant or a normal nova near maximum light. 

Images of the site of SN 1961V taken shortly after the star 
had faded from view showed a faint H n region in an outlying 
spiral arm of NGC 1058 roughly coincident with the site of the 
supernova (Bertola and Arp 1970). More recent observations 
(Fesen 1985) revealed two faint H n regions near the site, 
aligned almost east-west and -4" apart. Neither, however, is 
perfectly coincident with the location of SN 1961V. The super- 
nova apparently occurred on the southwest corner of the 
eastern H n region (hereafter “ the east region ”); a faint knot of 
Ha emission was seen there in the images of Fesen, barely 
resolved from the H n region. A combined spectrum of the two 
H ii regions showed only Ha and [O m] emission, with [O m] 
25007/Ha » 1.0-1.5, typical of outlying H n regions in late- 
type spirals. Additional optical imaging by Cowan, Henry, and 
Branch (1988) has confirmed Fesen’s observations, reaching 
about 2 mag deeper but with much poorer seeing. 

Radio images made at 20 cm with the VLA at 1'.'2 resolution 
by Branch and Cowan (1985) revealed only two detectable 
radio sources in NGC 1058, the western radio source being 
coincident with the west H n region and the eastern source 
being coincident with the supernova position. Additional 6 cm 
observations by Cowan, Henry, and Branch (1988) showed 
that both sources are nonthermal. 

The interpretation of the observations of this remarkable 
object depend upon two additional quantities: (1) the distance 
to NGC 1058 and (2) the bolometric correction (BC) to the 
apparent magnitude, in particular before the outburst. Esti- 
mates of the distance to NGC 1058, a face-on Sc II-III galaxy, 
range from ~ 12 Mpc applying the Baade-Wesselink method 
to SN 1969L (Kirshner and Kwan 1974; Schurmann, Arnett, 
and Falk 1979) to 5.3 Mpc for the average of three galaxies in 
the NGC 1003 cluster (Bottinelli et al. 1985) using the method 
of “sosie” galaxies. As a compromise we adopt 8 Mpc below, 
although we stress that the qualitative features of our model do 
not hinge upon the precise value of the distance. Previous 
analyses of SN 1961V (Chevalier 1981; Utrobin 1984) applied 
a BC of approximately —4 to the progenitor on the assump- 
tion that massive stars always appear as hot O stars. Below, 
however, we argue that the SN 1961V progenitor may have 

been in a phase dominated by an optically thick wind with the 
colors of an A or F supergiant (and a correspondingly small 
BC), both before and after outburst. This assumption is impor- 
tant because it leads to a large difference in the derived values 
of both the luminosity and the mass of the progenitor. 

The extreme duration of the outburst, the luminosity of the 
progenitor star, and its association with a high-excitation H n 
region led Utrobin (1984) to model SN 1961V as the explosion 
of a 2000 M0 star. The progenitor was suggested by Utrobin 
to be similar to the supposed supermassive star R136a in 30 
Dor (Feitzinger et al. 1980; Cassinelli, Mathis, and Savage 
1981 ; Savage et al. 1983), and, like R136a, to be surrounded by 
a giant H n region—in this case a fossil H n region created by 
the supernova progenitor. More recent observations, however, 
have demonstrated that R136a is not a single “supermassive” 
star but rather a compact cluster of relatively massive stars 
(Walker and O’Donoghue 1984; Moffat, Seggewiss, and Shara 
1985; Weigelt and Baier 1985; Melnick 1985; Ned and 
Grewing 1988). The loss of R136a as an analogous object 
weakens Utrobin’s proposal that the progenitor of SN 1961V 
was a “ supermassive ” star. In addition, realistic models of very 
massive supernova explosions do not produce light curves or 
compositions (and hence spectra) that look like those of SN 
1961V (Stringfellow and Woosley 1988). 

Our observations of the SN 1961V site were undertaken to 
study the environment in which this outburst occurred. 
Analysis of the data and reinterpretation of many previous 
observations suggest that SN 1961V was not the explosion of a 
star of extreme mass, nor indeed even a supernova.3 We 
propose instead that the site, and SN 1961V itself, can be 
explained with nearby luminous blue variable (LBV) analogs: 
the SN 1961V environment is similar to the Gum Nebula, 
while the star itself is similar to the hot S Doradus stars like 
R127 in the LMC, Var 83 in M33, and with what we believe is 
the best analog, rj Car. Our observations are presented in § II, 
while § III discusses the results for the H n regions. Our model 
for the progenitor of SN 1961V and the observed outburst are 
discussed in § IV. A brief version of this study was reported by 
Stringfellow et al. (1988). 

II. OBSERVATIONS 

Spectra of the SN 1961V environment were obtained with 
the Cassegrain CCD spectrographs on the 3 m Shane telescope 
of Lick Observatory (Miller and Stone 1987 ; Miller, Robinson, 
and Goodrich 1988). A sensitive Texas Instruments 800 x 800 
pixel2 CCD was the detector, and various gratings and grisms 
were used to obtain spectra in the wavelength ranges and 
resolutions listed in Table 1. We used the transmission spec- 
trograph for the 1986 January spectrum and the UV Schmidt 
spectrograph for all subsequent spectra. Also, the 1986 January 
data were obtained through the spectropolarimetry optics, 
which split the light into two beams and recorded them sepa- 
rately. The extra optics allow minimal light loss, still enable us 

3 Here we define a supernova to be the final explosion at the end of a star's 
life, brought about either by core collapse and a subsequent bounce or by 
nuclear incineration of the entire star. If a remnant remains after the explosion, 
it is a collapsed degenerate core and not an underlying star still undergoing 
nuclear burning in its center. Mere ejection of the outer envelope, even if 
associated with high luminosities and large kinetic energies, is not a supernova 
if the star basically survives the outburst. This is not an empirical definition but 
rather a “theoretical” one, which we adopt here for clarity, since we are 
interested in the nature of the outburst and the underlying object. This defini- 
tion is consistent with both Type I and Type II supernovae. 
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TABLE 1 
Observation Log 

UT Date Wavelength Range Resolution Exposure 
1986 (Â) (Â) (minutes) Slit sec z 

Jan 11     4200-6900 8.0 30 2':0 1.0 
Oct 9   6120-6920 3.0 60 2.0 1.0 

6120-6920 3.0 83 2.0 1.1 
Oct 10   3340-4920 5.6 60 2.0 1.1 

4300-5100 2.8 55 2.0 1.2 
Dec 26   6130-6940 4.2 60 3.2 1.0 
Dec27    6130-6940 4.2 70 3.2 1.1 

4300-5100 3.8 40 3.2 1.3 

to flux-calibrate the spectra accurately, and have the advan- 
tage of providing two independent spectra. The slit in all expo- 
sures was aligned east-west to include both H n regions, yet 
remain close to the parallactic angle (Filippenko 1982) during 
observations made at considerable zenith angles. 

Data reduction included bias subtraction, flat-fielding, 
wavelength calibration, and flux calibration using the standard 
stars in Stone (1977). Isolated emission lines and blends were 
measured on the low-resolution spectrum; the high-resolution 
spectra were subsequently used to deblend more accurately 
the Ha + [N n] and [S n] composites. The [O n]/H/? and 
[Ne iii]/H/? line intensity ratios were measured from the UV 
spectra. All resulting line fluxes are presented in Table 2, and 
the composite low-resolution spectrum is shown in Figure 1. 

The mean east-west separation of the two H n regions is 3'.'7, 
with the east region having a seeing-corrected diameter of 
~ 2"8 and the west region being unresolved. In all of our well- 
exposed spectra we detect a weak blue continuum 1'.'6 west of 
the east region, and near the site of SN 1961V. The continuum 
fluxes are rather uncertain, especially considering possible 
centering errors in the slit, but are measured as 9.2 at 4350 Â 
and 9.0 at 6330 Â in units of 10-18 ergs s-1 cm-2 Â-1. This 
continuum source was found in B images which Utrobin (1987) 
has presented. Its brightness and color are consistent with a 
small cluster containing from 5 to 10 early O stars, or a larger 
number of early B main-sequence stars, with a combined 
absolute magnitude of Mv « — 7. 

The high-resolution spectra also show a broad component 
of Ha at a position coincident with SN 1961V, and having the 

TABLE 2 
Emission-Line Fluxes 

Observed Dereddened3 

Line East West East West 

[O ii] 23727 .. 
[Ne in] 23869 
Hß 24861   
[O hi] 24959 . 
[O hi] 25007 . 
[O I] 26300 ... 
[N ii] 26548 .. 
Ha 26563   
[Nil] 26584 .. 
[S ii] 26716 ... 
[S ii] 26731 ... 

Absolute Hß flux 
(10“15 ergs cm- 

4.91 
0.58 
1.00 
1.22 
3.81 
0.25 :l 
0.31 
3.56 
0.94 
0.44 
0.37 

0.32 

3.81 
0.59 
1.00 
1.52 
4.62 
0.48 
0.28 
3.34 
0.83 
0.64 
0.64 

0.29 

5.88 
0.68 
1.00 
1.20 
3.72 
0.21 :b 

0.26 
2.90 
0.77 
0.35 
0.30 

0.60 

4.19 
0.64 
1.00 
1.51 
4.56 
0.44 
0.25 
3.00 
0.74 
0.57 
0.57 

0.40 
a Eg_y == 0.19 mag for the east region, 0.10 mag for the west region. 
b The measured [O i] flux in the east region may be quite uncertain, as 

explained in the text. 

same redshift as the narrow lines. The FWHM of this emission 
is about 46 Â (2100 km s- ^ comparable to the reported width 
of the emission lines during the 1961 outburst. Figure 2 pre- 
sents the Ha spectra for the east and west H n regions and the 
SN 1961V position. Much of the narrow Ha seen at the super- 
nova position is due to some overlap of the east region along 
the slit, and similarly the spectrum of the east region is partly 
contaminated by light from the supernova’s position. 

III. THE H II REGIONS 

The optical spectra of the east and west H n regions are 
superficially rather similar. Both have high [O in]/Hß ratios 
characteristic of high-excitation regions. The west region, 
however, has relatively strong [O i] A6300 and [S n] A/16716, 
6731 lines, often indicative of a shock contribution. The radio 
data of Branch and Cowan (1985) and of Cowan, Henry, and 

Fig. 1.—Low-resolution optical spectra of the two H n regions adjacent to 
the site of SN 1961V. The ordinate is in units of 10“16 ergs cm-2 s"1 A" L The 
prominent [O i] and [S n] lines in the west region, in conjunction with the 
radio data of Cowan, Henry, and Branch (1988), confirm the presence of a 
supernova remnant there, while the strong [O m], [Ne m], and [O n] lines in 
the east region indicate a hot ionizing source, with ^ 45,000 K. Incom- 
pletely subtracted night-sky emission lines are indicated by “ n.s.” 
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Fig. 2.—High-resolution red spectra of the H il regions and the SN 1961V 
site. The ordinate is in relative flux units. Note the broad Ha at the base of the 
narrow Ha and [N n] lines at the supernova position. These wings are absent 
in the west region. Because the east region and the SN position overlap slightly 
in the long-slit spectra, the broad Ha is also present in the top panel, and much 
of the narrow emission at the SN site may be due to the east H n region. 
Inspection of the two-dimensional long-slit data show that the broad Ha is 
indeed centered at the SN position. The FWHM of the broad emission feature 
is ~2100kms-1. 

Branch (1988) have already shown that the west region prob- 
ably contains a supernova remnant, and our optical spectra 
support this. At 8 Mpc the flux level reported by Branch and 
Cowan for the west region is about a third of the intrinsic radio 
luminosity of Cas A. The reddening of EB_V = 0.10 mag in 
Table 2 is derived from the Ha/H/? ratio assuming the intrinsic 
value of 3.0 typical of shocks or of recombination following 
photoionization. Our high-resolution Ha spectra indicate that 
the FWHM of the narrow Ha emission lines in both the west 
and the east region is less than 150 km s~ ^ 

We suspect, but cannot prove, that part of the [O i] present 
in the east region high-resolution spectrum of Figure 2 is due 
to incomplete night-sky subtraction. The [O i] emission is 
absent, or very weak, in the low-resolution spectrum of Figure 
1. Bearing this in mind, the east region has less [O i] and 
weaker [S n] lines than the west region; it is probably a pho- 
toionized H n region relatively uncontaminated by shocks. 
Comparing the data in Table 2 with the published models of 
McCall, Rybski, and Shields (1985) and unpublished models of 
G. A. Shields and D. Garnett (1988, private communication), 
we note that the high [O m]/H/? ratio can be produced only if 
the temperature of the exciting star is T* > 45,000 K, at least as 
hot as a typical 03 star. However, the Ha luminosity indicates 
that the total ionizing photon flux is ~6 x 1049 s-1. This 

value is comparable to that expected for a single embedded 03 
star, and a factor of at least 100 less than the ionization 
requirements of 30 Dor. The strong [O n] emission indicates 
that the east region is ionization-bounded and not density- 
bounded, so it is probably ionized by a very dilute radiation 
field; one possibility is that the weak OB cluster found by 
Utrobin (1987) is the energy source. The projected distance 
of the east region from both SN 1961V and the OB cluster 
(nearly coincident with SN 1961V) is -60 pc, and we estimate 
that the region intercepts a maximum of 25% of the light from 
these two sources. The emission rate of ionizing photons from 
10 03 stars is -6 x 1050 s-1, sufficient to provide the energy 
to the east region, but such a cluster is rare and would be 
evident in, for example, the spectra. For stars cooler than 03, 
however, there are too few ionizing photons to produce the 
observed Ha. 

An alternative energy source is the SN 1961V progenitor 
itself. The recombination time scale for the east region is 
— 2000 yr, while the light travel time is —200 yr. According to 
this interpretation the progenitor must have been a very hot O 
or Wolf-Rayet star in the very recent past. It should be noted 
that model 9 of Utrobin (1984) produces 5 x 1051 ionizing 
photons each second, a factor of almost 25 too much (including 
the covering factor). Slit losses affecting the Ha flux cannot 
account for this large discrepancy, and hence this provides 
another argument against the large BC used by Utrobin and 
others. 

The suggested analogy of the SN 1961V environment to that 
of 30 Dor (Utrobin 1984) is also not supported by our observa- 
tions. The H ii regions near SN 1961V are about a factor of 100 
less luminous and less massive than 30 Dor, and there is little 
evidence for any very massive stars except for the SN 1961V 
progenitor itself. We suggest that a better analogy is with the 
Gum Nebula region (Chanot and Sivan 1983), except that the 
Gum Nebula is density-bounded rather than ionization- 
bounded and is larger (260 pc). The ionizing source of the Gum 
Nebula, Ç Pup, is a very luminous 04 If star with L « 106 L0, 
Teff = 42,000 K, current mass 36 M0, and ZAMS mass 70-90 
M0 (Bohannon et al. 1986). Zeta Pup is not obviously associ- 
ated with any other O stars, although several B associations 
(analogous to the apparent cluster close to SN 1961V) are 
nearby. The bright emission patches of the Gum Nebula 
extend some 100 pc from ( Pup, without having any obvious 
ionizing stars inside them. Finally, there is even an 
intermediate-age supernova remnant (the Vela SNR) nearby, 
analogous to the west H n region. 

IV. what was SN 1961V? 
a) The Progenitor 

With our adopted distance of 8 Mpc and our measured 
reddening of Apg & AB& 0.6 mag, the absolute brightness of 
the SN 1961V progenitor was about Mpg ä Mb « — 12.1. The 
progenitor was clearly the most luminous individual star in 
NGC 1058. Normal supergiants are observed to have Mv> 
— 10, while luminous blue variables (LBVs; Conti 1984) do in 
fact have magnitudes in this range, as seen in Table 3. Exam- 
ples of LBVs include r¡ Car, S Doradus-type stars, and the 
Hubble-Sandage (Hubble and Sandage 1953) variables. 
Lamers (1987) has recently reviewed the characteristics and 
categorized the different types of LBVs. Of interest here are 
those defined as having large eruptions, with variations Amv > 
3 mag, or obvious nebulosities surrounding them due to pre- 
vious outbursts. Both properties have been observed for rj Car. 
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In the case of more moderate changes of Amv » 1-2 mag, 
which are also the most common photometric variations 
observed in LB Vs, Mbo, appears to remain nearly constant 
during outburst while Mv increases dramatically (Lamers 1987 
and references therein). Because of the sizable change in Mv 
and the (near) constancy of Mbol, this implies a similar large 
change in the BC; Mm = Mf + BC » constant. However, this 
has been observed only for a few LBVs with moderate out- 
bursts, and is unconfirmed for large outbursts. In fact, r¡ Car 
apparently increased its Mbol by 1 mag or so, accompanied by 
the usual increase in Mv (Davidson 1987a). We do not know 
the time history of Mbo| for any LBV during a large eruption. 

The similarity between the observed properties of LBVs 
undergoing large eruptions (Amv > 3 mag) and SN 1961V sug- 
gests that the SN 1961V progenitor was an LBV which experi- 
enced a large outburst; see Figure 3. Such stars at maximum 
light normally have the colors and spectra of A—F supergiants, 

again similar to the color observed for the supernova after the 
outburst (Walborn and Filler 1977; Leitherer et al. 1985; Stahl 
et al. 1985; Stahl and Wolf 1986). (No colors for the progenitor 
were measured.) The underlying stars are of course much 
hotter, but they are enshrouded in an optically thick He-rich 
wind which has the appropriate recombination temperature. 
Under this assumption, then, we adopt an intrinsic (B 
— V)0 = 0.3 mag and a bolometric correction BC < - 0.1 

mag. We further justify these values by noting that the bright- 
ness of the star during the 4 yr plateau in the light curve after 
the outburst was approximately the same as the progenitor’s 
observed brightness prior to 1960 September 14, and at this 
time the colors were again those of an F supergiant. This value 
for the BC gives a luminosity for the progenitor of ~6.4 x 106 

L0, about the same as that of the most luminous known stars 
such as // Car (Davidson 1971; van Genderen and Thé 1984), 
Var 83 in M33 (Humphreys et al. 1984), R99 in the LMC (Stahl 

1ABLE 3 
Properties of the Most Luminous Known LBVs 

Property SN 1961V rj Car CPup R99 R123 R127 Var 83 
Mbol   
My   
BC   
M/Mg .... 
mQ  
^eff(K) .... 
B — V  
l/lg(106) 

-12.3 

-0.1 
>170 

>45,000 

6.4 

-12.1 

~0 
> 150 

30,000 

5.3 

-10.1 
-6.0 
-4.0 

38 
18 
42,000 

-0.26 
0.85 

-12.2 

> 135 
45 
40,000 
0.25-0.37 
5.9 

-12.14 
-9.05 
-3.1 
> 100 

70 
34,000 
0.13 
5.5 

-11.0 
-7.8 
-3.2 
> 60 

48 
33,000 
0.0-0.1 
1.9 

-11.7 
-8.7 

37,000 
-0.05 

3.7 
Sources.—-7/ Car: van Genderen and Thé 1984; Ç Pup: Bohannon et al 1986; R99: Stahl et al 1984; R123: van Genderen 

Groot, and The 1983; R127: Stahl et al. 1983; Var 83: Humphreys et al. 1984. 
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et al 1984), and RI23 in the LMC (van Genderen, Groot, and 
Thé 1983). For comparison, properties of the most luminous 
LB Vs (during quiescence) are given in Table 3. Entries in Table 
3 have been taken from the sources noted. The properties of 
SN 1961V and r¡ Car are those preceding outburst. The 
Eddington limit mass for our luminosity is about 140 ± 20 
Mq, allowing for reasonable uncertainties in the He abun- 
dance. The outburst, however, was surely super-Eddington, 
and applying the Eddington limit would overestimate the mass 
of the star. It is clear that there is no need to postulate an 
extraordinary progenitor star. Arguments based on the 
Eddington limit yield only an approximate value of the mass, 
and comparisons with detailed models are preferred. 

Maeder (1980) has presented models in the mass range of 
interest to us. The constraints which must be met by his models 
in order to derive a mass are the following: (1) the helium 
abundance must be at least 4 times solar; (2) the star is evolved 
and must be at least near the end of core hydrogen burning; (3) 
log (L/Lq) > 6.8; and (4) Teff > 45,000 K. It appears that a star 
of ZAMS mass > 240 M0 near core H exhaustion provides a 
good fit to the SN 1961V progenitor. At this evolutionary stage 
the surface He abundance of Maeder’s 240 M0 model is about 
5 times solar, and the stellar surface temperature is about 
40,000 K; similar values have been deduced for rj Car by 
Davidson et al 1986. Higher mass models would apparently 
have somewhat higher temperatures. The mass of the star at 
this stage is about 170 M0, which is the value given in Table 3, 
and the mass loss (during core hydrogen burning) has occurred 
through a wind. It is also possible that large episodic mass-loss 
events have occurred in the recent past (see below). In the 
previous section we have already indicated that the ionization 
of the east H n region requires a stellar temperature of 
>45,000 K. The total number of ionizing photons from the 
Maeder 240 M0 model is -3.4 x 1049 s_1, while more 
massive stars at temperatures above 45,000 K will have more 
ionizing photons. 

b) The Outburst 

Utrobin (1984) modeled SN 1961V as the outburst of a 2000 
M0 star. One of the parameters forcing him to such a high 
mass was the duration of the outburst, although he did not try 
to fit the last 4 yr of the light curve when the star remained 
nearly constant in brightness some 6.5 mag below maximum. 
In fact his model ran out of energy after only 27 months, when 
the recombination cooling wave reached the center of the 
remnant. He suggests that the subsequent behavior of the light 
curve was a result of the outburst ejecta interacting with 
material previously lost via winds. The explosion model also 
has considerable difficulty reproducing the remarkable con- 
stancy of the spectra and colors of the outburst. As the cooling 
wave eats into the chemically differentiated interior, one 
expects corresponding changes in both the spectra and the 
colors, as observed in the late-time spectra of, for example, 
Type lb supernovae (Filippenko and Sargent 1986; Gaskell et 
al. 1986). The observed spectra of SN 1961V, however, had 
remarkably uniform line strengths and continuum shape 
throughout the outburst (Greenstein and Minkowski 1973). All 
of this suggests that in SN 1961V we did not see such a cooling 
wave, but rather saw a fairly constant-velocity, chemically 
homogeneous wind of varying strength, as in slow novae (see, 
e.g., Zwicky 1965). 

The stellar model used by Utrobin (1984) was also not an 
evolutionary model but simply one constructed to match the 

observations with the simplified physics he used. For example, 
he had hydrogen at the surface because hydrogen lines were 
observed in the spectra of SN 1961V. However, evolutionary 
calculations show that all stars with ZAMS masses >40 M0 

die as Wolf-Rayet stars, at which point they have lost almost 
their entire hydrogen envelope in the form of a wind (Schild 
and Maeder 1984; Maeder 1984; Humphreys 1984; Langer 
and El Eid 1986; Langer 1987). Such supernovae would be 
classified as Type I events (no hydrogen), although their light 
curves may be dramatically different from those of typical 
Type I events. The SN 1961V progenitor was almost certainly 
more massive than 40 M0, yet it retained some of its hydrogen 
envelope. More recent models by L. M. Ensman (1988, private 
communication), done in the spirit of the Utrobin calculations, 
show that the light curve of SN 1961V is not well reproduced 
by the explosion of a supermassive star. 

Evolutionary models of very massive stars (e.g., Woosley 
and Weaver 1986 and references therein) predict that stars with 
initial masses greater than -65 M0 die as pair-creation super- 
novae. Stars with main-sequence masses from about 65 to 100 
M0 undergo core collapse after several precursor pulsations, 
while stars with masses in the range 100-300 M0 explode once 
and for all. Stars with even larger masses collapse to black 
holes without exploding, if rotation is neglected. The inclusion 
of rotation, however, modifies this latter conclusion 
(Stringfellow and Woosley 1983, 1988; Stringfellow, Woosley, 
and Bodenheimer 1986; Glatzel, El Eid, and Fricke 1985), so 
the possibility exists for complete explosions of even very 
massive stars. These explosions (for helium core masses > 100 
Mq) are very energetic, with expansion velocities > 10,000 km 
s-1. They also synthesize great quantities of 56Ni, producing 
an optical display very much more luminous than any Type I 
supernova, and certainly nothing at all like SN 1961V 
(Stringfellow and Woosley 1988). In fact, rotation (or some 
equivalent mechanism) is crucial to Utrobin’s model if the star 
is to explode at all. If the star is significantly less massive, so 
that little 56Ni is produced in the explosion, then the light 
curve is predominantly powered by recombination in the ejecta 
(Schaeffer, Cassé, and Cahen 1987), resulting in a short-lived 
outburst with a total duration of only 3-4 months. In either 
case, SN 1961V appears extremely unlikely to have been the 
explosion of a very massive star. 

We propose instead that the SN 1961V outburst can best be 
understood as a continuous, optically thick wind from an 
evolved star of initial mass >240 M0 and similar to that seen 
in slow novae. The postoutburst plateau in the light curve then 
has a straightforward explanation. The object seen after the 
outburst was the same star that was there before, at approx- 
imately the same brightness ! 

We emphasize that the rather uncertain distance to NGC 
1058, while playing a role in determining the quantitative 
values in our model, is not the major factor in our discussion. 
More important is the color of the observed progenitor, and 
the consequent value of the bolometric correction. A second 
important factor is the outburst mechanism; while the explosion 
of a very massive star may release vast quantities of energy, the 
decay of this energy with time (and the observed light curve) 
is quite different from that which might be expected from an 
outburst or a wind. Conversely, winds can act as radiation 
traps, temporarily storing radiative energy before releasing it 
in some type of outburst whose duration is longer than that of 
supernovae, thus somewhat mimicking a more massive and 
luminous star. This may in fact explain the excess luminosity 
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(AMbol increasing by ~ 1 mag) apparently observed in the 
Car outburst (Davidson 1987a). 

Many of the instabilities proposed to explain outbursts in 
massive, luminous stars have, when investigated, not been suc- 
cessful. Notably, the numerical simulations of Stothers and 
Chin (1983) have shown that nuclear instabilities in the 
hydrogen- or helium-burning shells or core flashes cannot 
account for the observed photometric variations. While pulsa- 
tional instabilities in a near-Eddington limit stellar envelope 
are not entirely excluded, the most likely mechanism involves 
rapid, episodic mass-loss events, with mass-loss rates exceeding 
0.1 M0 yr 1. Instability mechanisms have recently been 
reviewed by Appenzeller (1986), who also reaches the same 
conclusion. In particular, Appenzeller suggests that radiation 
pressure due to metal lines can result in large outbursts in 
LBVs. 

Lamers and Fitzpatrick (1988) have recently compared the 
location, within the H-R diagram, of the most luminous 
observed stars with that of the Eddington limit and find 
remarkable agreement between the two. As a massive star 
evolves, the rate at which mass is lost increases, resulting in the 
star expanding and cooling while diminishing in mass. The star 
does this at near-constant luminosity and eventually runs into 
the Eddington limit, LEdd = AtzcGM/k. Utilizing new opacities 
(k) which incorporate the full effects of metal lines in the ultra- 
violet, Lamers and Fitzpatrick have shown that the Eddington 
limit shifts to higher effective temperatures as the mass of the 
star decreases; the opacity decreases with increasing tem- 
perature. The only apparent resolution of this dilemma is for 
the star to somehow attain a higher surface temperature (the 
star must move back to the left in the H-R diagram), thereby 
achieving greater stability. The star seems to accomplish this 
feat by losing a considerable amount of mass quickly, exposing 
regions of higher temperature interior to the mass being 
ejected. This may be the mechanism which powers the large 
outbursts observed in LBVs. 

Davidson (19876) presents a simplified model of an opaque 
wind which, depending on the mass-loss rate, emulates the 
observed features of the various classes of LBV outbursts. In 
the case of a large outburst where the mass-loss rate becomes 
quite high, the wind is opaque and the temperature does not 
fall below about 7000 K. During this phase the BC is small. 
Excessive mass loss can occur without much further change in 
the visual appearance of the star. Davidson draws the analogy 
between his findings and two particular LBV events: the mod- 
erate outburst of P Cyg and the large outburst observed for r¡ 
Car. Van Genderen and Thé (1984) and Lamers (1987) also 
discuss and compare these two cases. We discuss here the 
similar behavior exhibited by SN 1961V and rj Car, both 
having been large LBV outbursts. 

Zwicky (1964) originally called both SN 1961V and the out- 
burst of the remarkable Galactic variable star t) Car the pro- 
totypical examples of the Type V supernovae. At that time, t] 
Car was considered to have been a slow, peculiar supernova. 
We now know, however, that t] Car did not blow up in its great 
1843 eruption. The underlying star is still ejecting shells of 
material, powering a dense circumstellar H n region, and 
heating the circumstellar dust shroud produced in the great 
eruption. Eta Car is now the brightest 10 /un and 20 /on infra- 
red source in the sky (Westphal and Neugebauer 1969); its 
bolometric luminosity is about 5.3 x 106 L0 (corrected for a 
distance of 2500 pc), of which more than 90% is in the infrared 
(van Genderen and Thé 1984). This luminosity is nearly identi- 

cal with that of the SN 1961V progenitor derived here. In 
addition, the absolute visual magnitude of the >/ Car 
“progenitor” (i.e., the star that was visible both before the 
outburst and prior to the subsequent formation of dust in the 
ejecta) was nearly identical with that of the SN 1961V progeni- 
tor. With MboI = —12.1, and an F supergiant spectrum (BC < 

0.1), as was actually observed for r¡ Car in a subsequent 
brightening in the 1890s (Walborn and Liller 1977), r¡ Car 
would have had Mv x, -12. With a line-of-sight extinction of 
Av x 1.5 mag (van Genderen and Thé 1984; Davidson 1987a), 
the apparent visual brightness should have been V x 1.5 at 
normal maximum light during quiescence. This is comparable 
to its observed apparent magnitude in the decade immediately 
preceding the great outburst of the 1840s. 

During the great outburst, r¡ Car reached about V = — 1, or 
My = —14.5, about 10 times as luminous as it was before (and 
after) the outburst (van Genderen and Thé 1984; Davidson 
1987a). Since the star was probably nearly Eddington-limited 
before outburst, it was significantly super-Eddington during 
the outburst, and remained so for some 15 yr or more. During 
this time, the star ejected most of the circumstellar envelope 
which now enshrouds it. Analyses of the thermal radio emis- 
sion, optical emission spectrum, X-ray absorption, and infra- 
red dust emission are all in agreement that the total ejected 
mass was around 3 M0 (Jones 1985; Allen, Jones, and Hyland 
1985; Chlebowski et al. 1984; Hyland et al. 1979), with a char- 
acteristic ejection velocity of ~750 km s-1. The actual mass 
ejected depends primarily on the average mass-loss rate pre- 
sumed during outburst. Estimates range from 5 x 10“3 to 
10“1 Mg yr~ yielding a total mass ejected for t] Car of 0.15-3 
M0 for the 30 yr duration of the outburst. The SN 1961V 
outburst was apparently more energetic (2100 km s'1) and 
more luminous than in the r¡ Car case, but also quicker. Thus, 
to within an order of magnitude, the total mass ejected by SN 
1961V (probably between 1 and 10 M0) is equivalent to that 
ejected by r¡ Car. Assuming 3 M0, the highest value estimated 
for the ejected mass, the kinetic energy of the i] Car ejecta is 
about 2 x 1049 ergs, while the light radiated in excess of the 
normal formidable stellar luminosity was ~9 x 1049 ergs. SN 
1961V appears to have been about 10 times as luminous as t] 
Car at maximum light. However, the // Car outburst lasted 
about 10 times as long, so the total amounts of light radiated 
during the two events were comparable. The rj Car outburst 
apparently produced somewhat more energy in radiation than 
in the kinetic energy of the ejecta (by a factor of a few), while for 
SN 1961V the kinetic and radiated energies were roughly com- 
parable. For both SN 1961V and r¡ Car, this is in stark contrast 
to normal supernovae, where the kinetic energy of the ejecta is 
larger than the radiated energy by typically a factor of ~ 100. 
The two Type V events, t] Car and SN 1961V, thus radiated 
supernova-like luminosities, while the total energies involved 
may have been some 1-2 orders of magnitude less than in a 
typical Type II event (3-4 orders of magnitude if energy lost by 
neutrino emission is included). 

As noted, the SN 1961V progenitor was seen for more than 4 
yr after the end of the outburst, but it did eventually fade from 
view. Eta Car, of course, underwent a similar decline, largely 
because of the formation of dust in the dense ejecta. Lamers 
(1987) and Davidson (1987a) describe such behavior for the 
outburst of P Cyg during the seventeenth century. The same 
fate may have befallen the SN 1961V star (Fig. 3). The intrinsic 
Ha luminosity of the outflowing H ii region around rj Car is 
about 1038 ergs s “1 (Allen, Jones, and Hyland 1985). We detect 
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broad Ha emission from the site of SN 1961V with a lumi- 
nosity (corrected only for the foreground extinction) of about 
2 x 1036 ergs s-1. It is unclear whether this is really the ejecta 
of the outburst or a continuing wind being photoionized by the 
surviving star. In either case, we expect that the source of 
luminosity is largely the ionizing radiation emitted by the star. 
As we have shown, this is perhaps 3.4 x 1049 s-1 for the SN 
1961V progenitor, while a similar figure has been derived for rj 
Car (Allen, Jones, and Hyland 1985), so we expect the intrinsic 
Ha luminosity of the two stars to be comparable. Interpreta- 
tion of the broad Ha flux as being due to a light echo seems 
quite unlikely. Our measured value of the extinction in the blue 
is small (Ab < 1) and the decline in mB by 150 days past 
maximum light was large (~4.5 mag). These data are at 
variance with the criteria, outlined by Schaefer (1987), neces- 
sary to sustain a significant light echo at late times. Note also 
that our reddening is consistent with that of SN 1969L, a 
typical Type II supernova located even farther out beyond the 
optical disk of NGC 1058 than SN 1961V. 

Comparison of our observed Ha flux with that of r¡ Car 
therefore suggests a current circumstellar extinction of ä 5 
mag for the surviving SN 1961V star. If the wind phase of the 
underlying star has stopped and it now looks like a more 
normal O star, then a BC ä -4 is expected and the star 
should currently have visual magnitude about V æ 27. If 
instead the wind phase is still active and BC < —0.1, then the 
star should have V « 23. These magnitudes are of course quite 
uncertain, but they bring up the possibility that the star may be 
visible with the Hubble Space Telescope. The existence of the 
OB cluster in the region would make identification more diffi- 

cult, but would also make imaging with the HST interesting. 
Perhaps an even better opportunity exists in the infrared, 
where the star should be a ~ 5 mJy source at 10 ¿an, and hence 
the brightest point thermal IR source in NGC 1058. We have 
checked the IRAS Point Source Catalog, and nothing is 
detected to an upper limit of 0.5 Jy, but a 5 mJy source would 
easily be detected by SIRTF and the Keck Ten Meter Tele- 
scope. SN 1961V may help us answer important questions on 
the nature of variability in LBVs and their subclasses, in partic- 
ular those with large outbursts such as rj Car and P Cyg, the 
most massive stars known today. 

The authors would like to thank J. S. Miller for donating 
some 3 m observing time, R. A. Fesen for useful discussions, 
and M. El Eid, D. Hartmann, P. Pinto, and S. Woosley for 
comments on the manuscript. This work was supported in part 
by CalSpace grants CS-27-87 and CS-41-88 to A. V. F., and by 
NSF Core Block grant AST 86-14510 to Lick Observatory. G. 
S. S. received grant support from NASA (NGT 05-061-800), 
NSF (AST 84-18185), and the Institute for Geophysics and 
Planetary Physics at Lawrence Livermore National Labo- 
ratory. Part of this work (G. S. S.) has been conducted under 
the auspices of the US Department of Energy by the Lawrence 
Livermore National Laboratory under contract W-7405- 
ENG-48, and in a special NASA Astrophysics Theory 
Program that supports a joint Center for Star Formation 
Studies at the NASA-Ames Research Center, the University of 
California at Berkeley, and the University of California at 
Santa Cruz. 

REFERENCES 
Allen, D. A., Jones, T. J., and Hyland, A. R. 1985, Ap. J., 291,280. 
Appenzeller, I. 1986, in I AU Symposium 116, Luminous Stars and Associations 

in Galaxies, ed. C. de Loore, P. Laskarides, and A. Willis (Dordrecht: 
Reidel), p. 139. 

Bertola, F. 1963, Contr. Asiago Obs., No. 142. 
 . 1964, Ann. d'Ap., 27,319. 
 . 1965, Contr. Asiago Obs., No. 171. 
 . 1967, Inf. Bull. Var. Stars, No. 196. 
Bertola, F., and Arp, H. 1970, Pub. A.S.P., 82, 894. 
Bohannon, B., Abbott, D. C, Voels, S. A., and Hummer, D. G. 1986, Ap. J., 

308,728. 
Bottinelli, L., Gouguenheim, L., Paturel, G., and de Vaucouleurs, G. 1985, Ap. 

J. Suppl., 59,293. 
Branch, D., and Cowan, J. J. 1985, Ap. J. (Letters), 297, L33. 
Branch, D., and Greenstein, J. L. 1971, Ap. J., 167,89. 
Cassinelli, J. P., Mathis, J. S., and Savage, B. D. 1981, Science, 212,1497. 
Chanot, A., and Sivan, J. P. 1983, Astr. Ap., 121,19. 
Chevalier, R. A. 1981, Fund. Cosmic Phys., 1,1. 
Chlebowski, T., Seward, F. D., Swank, J., and Szymkowiak, A. 1984, Ap. J., 

281,665. 
Ciatti, F., Rosino, L., and Bertola, F. 1971, Mem. Soc. Astr. Italiana, 42,163. 
Conti, P. S. 1984, in I AU Symposium 105, Observational Tests of the Stellar 

Evolution Theory, ed. A Maeder and A. Renzini (Dordrecht: Reidel), p. 233. 
Cowan, J. J., Henry, R. B. C, and Branch, D. 1988, Ap. J., 329,116. 
Davidson, K. 1971, M.N.R.A.S., 154,415. 
 . 1987a, Instabilities in Luminous Early Type Stars, ed. H. J. G. L. M. 

Lamers and C. W. H. de Loore (Dordrecht: Reidel), p. 127. 
 . 19876, Ap. J., 317,760. 
Davidson, K., Dufour, R. J., Walborn, N. R., and Gull, T. R. 1986, Ap. J., 305, 

867. 
Doggett, J. B., and Branch, D. 1985, A.J., 90,2303. 
Feitzinger, J. V., Schlosser, W., Schmidt-Kaler, T., and Winkler, C. 1980, Astr. 

Ap., 84, 50. 
Fesen, R. A. 1985, Ap. J. (Letters), 297, L29. 
Filippenko, A. V. 1982, Pub. A.S.P., 94, 715. 
Filippenko, A. V., and Sargent, W. L. W. 1986, A.J., 91,691. 
Gaskell, C. M., Cappellaro, E., Dinerstein, H. L., Garnett, D. R., Harkness, R. 

P., and Wheeler, J. C. 1986, Ap. J. (Letters), 306, L77. 
Glatzel, W, El Eid, M. F., and Fricke, K. J. 1985, Astr. Ap., 149,413. 
Greenstein, J. L., and Minkowski, R. Í973, Ap. J., 182,225. 
Hubble, E., and Sandage, A. 1953, Ap. J., 118,353. 

Humphreys, R. M. 1984, in I AU Symposium 105, Observational Tests of the 
Stellar Evolution Theory, ed. A. Maeder and A. Renzini (Dordrecht: Reidel), 
p. 279. 

Humphreys, R. M., Blaha, C, D’Odorico, S., Gull, T. R., and Benvenuti, P. 
1984, Ap. J., 278,124. t_ 

Hyland, A. R., Robinson, G., Mitchell, R. M., Thomas, J. A., and Becklin, E. E. 
1979, Ap. J., 233,145. 

Jones, P. A. 1985, M.N.R.A.S., 216,613. 
Kirshner, R. P., and Kwan, J. 1974, Ap.J., 193,27. 
Kirshner, R. P., Oke, J. B., Pension, M. V., and Searle, L. 1973, Ap. J., 185,303. 
Lamers, H. J. G. L. M. 1987, in Instabilities in Luminous Early Type Stars, ed. 

H. J. G. L. M. Lamers and C. W. H. de Loore (Dordrecht : Reidel), p. 99. 
Lamers, H. J. G. L. M., and Fitzpatrick, E. L. 1988, Ap. J., 324,279. 
Langer, N. 1987, Astr. Ap., 171, LI. 
Langer, N., and El Eid, M. F. 1986, Astr. Ap., 167,265. 
Leitherer, C, Appenzeller, I., Klare, G., Lamers, H. J. G. L. M., Stahl, O., 

Waters, L. B. F. M., and Wolf, B. 1985, Astr. Ap., 153,168. 
Maeder, A. 1980, Astr. Ap., 92,101. 
 . 1984, in IAU Symposium 105, Observational Tests of the Stellar Evolu- 

tion Theory, ed. A. Maeder and A. Renzini (Dordrecht: Reidel), p. 299. 
McCall, M. L., Rybski, P. M., and Shields, G. A. 1985, Ap. J. Suppl, 57,1. 
Melnick, J. 1985, Astr. Ap., 153,235. 
Miller, J. S., Robinson, L. B., and Goodrich, R. W. 1988, in Instrumentation for 

Ground-based Astronomy, ed. L. B. Robinson (New York: Springer-Verlag), 
p. 157. 

Miller, J. S., and Stone, R. P. S. 1987, Lick Obs. Tech. Rept., No. 48. 
Moffat, A. F. J., Seggewiss, W., and Shara, M. M. 1985, Ap. J., 295,109. 
Neri, R., and Grewing, M. 1988, Astr. Ap., 196,338. 
Oke, J. B., and Searle, L. 1974, Ann. Rev. Astr. Ap., 12,315. 
Sandage, A. and Tammann, G. A. 1981, X Revised Shapley-Ames Catalog of 

Bright Galaxies (Washington, DC: Carnegie Institution of Washington). 
Savage, B. D., Fitzpatrick, E. L., Cassinelli, J. P., and Ebbets, D. C. 1983, Ap. J., 

273, 597. 
Schaefer, B. E. 1987, Ap. J. (Letters), 323, L51. 
Schaeffer, R., Cassé, M., and Cahen, S. 1987, Ap. J. (Letters), 316, L31. 
Schild, H., and Maeder, A. 1984, Astr. Ap., 136,237. 
Schurmann, S. R., Arnett, W. D., and Falk, S. W. 1979, Ap. J., 230,11. 
Stahl, O., and Wolf, B. 1986, Astr. Ap., 158,371. 
Stahl, O., Wolf, B., de Groot, M., Leitherer, C. 1985, Astr. Ap. Suppl, 61,237. 
Stahl, O., Wolf, B., Klare, G., Cassatella, A., Krautter, J., Persi, P., and Ferran- 

Toniolo, M. 1983, Astr. Ap., 127,49. 

© American Astronomical Society • Provided by the NASA Astrophysics Data System 



19
8 

9A
pJ

. 
. .

34
2.

 .
90

8G
 

916 GOODRICH ET AL. 
St^9 ’ Wol B> Leitherer, C., Zickgraf, F.-J., Krautter, J., and de Groot, M. 1984, Astr. Ap., 140,459. 
Stone, R. P. S. 1977, Ap. J., 218,767. 
Stothers, R., and Chin, C. W. 1983, Ap. J., 264,583. 
St7o^elnn’ ?;,cS'Ädrlch’ R- W > FiliPPenko, A. V., and Penrod, G. D. 1988, Bull. A AS, 20,962. 
Stringfellow, G. S., and Woosley, S. E. 1983, Bull. A AS, 15,955. 
——1988, in Origin and Distribution of the Elements, ed. G. J. Mathews 

(Singapore : World Scientific), p. 467. 
Strmgfellow G. S., Woosley, S. E., and Bodenheimer, P. 1986, Bull. Am Phvs 

boc.,31,/79. J ' 
Utrobin, V. P. 1984, Ap. Space Sei., 98,115. 
 . 1987, Soviet Astr. Letters, 13, 50. 

van Genderen, A. M., Groot, M., and Thé, P. S. 1983, Astr. Ap., 117 53. 
van Genderen, A. M., and Thé, P. S. 1984, Space Sei. Rev 39 317 
Walborn, N. R., and Liller, M. H. 1977, Ap. J., 211,181. 
Walker, A. R., and O’Donoghue, D. E. 1984, Astr. Express, 1,45 
Weigelt, G., and Baier, G. 1985, Astr. Ap., 150, L18. 
Westphal, J. A., and Neugebauer, G. 1969, Ap. J. (Letters), 156, L45. 

Q«6! m « C'’ Harkness’ R- P ’ Barkat> z-> and Swartz, D. 1986, Pub. A.S.P., 
Woosley, S. E., and Weaver, T. A. 1986, Ann. Rev. Astr. Ap., 24 205 
Zwicky, F. 1964, Ap. J., 139, 514. 

au T™ vui. o, oieuar ¿iructure, ea. L. hi. Aller and D. B. McLaughlin (Chicago: University of Chicago Press), p. 367. 

Alexei V. Filippenko : Department of Astronomy, University of California, Berkeley C A 94720 
[arpa : alex@bkyast.berkeley.edu] ’ 

Robert W. Goodrich: McDonald Observatory, RLM 15.308, University of Texas, Austin TX 78712 
[arpa: goodnch@astro.as.utexas.edu] 

CAD<95064 PENROD: LlCk °bservatory’ Board of Studies in Astronomy and Astrophysics, University of California, Santa Cruz, 

CAY 95064INGFELLOW LlCk °bservatory’ Board of Studies in Astronomy and Astrophysics, University of California, Santa Cruz, 
[arpa: guy@helios.ucsc.edu] 

© American Astronomical Society Provided by the NASA Astrophysics Data System 


	Record in ADS

