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ABSTRACT

We present and discuss the Hubble Space Telescope Faint Object Spectrograph observations of Star 2,
one of the two companions of SN 1987A, in the range 1200-8000 A. Our analysis, based on a compari-
son of the observed spectrum with spectra of O and B type stars and with model atmospheres, confirms
that Star 2 is a B2III star. The extinction toward Star 2 is mostly of LMC origin and amounts to an
E(B—V)=0.19 + 0.02. The detailed extinction curve has a 2200 A bump less pronounced than the
average LMC extinction law. Star 2 has an effective temperature of T = 22,000 + 2000 K and a lumi-
nosity of log L/L, = 4.38 + 0.11. Also, Star 2 appears to rotate with an equatorial velocity of v sin
i =250+ 50 km s~ ! and is presently undergoing mass loss at a range of log M ~ —7.0 + 0.5 M yr™*.
Judging from its position in the H-R diagram and its present parameters, Star 2 had an original mass of
about 13 M and was born less than 13 Myr ago, which makes Star 2 coeval to the SN 1987A progeni-

tor Sk 69°202.

Subject headings: binaries: visual — dust, extinction — stars: early-type — stars: evolution —
stars: fundamental parameters — supernovae: individual (SN 1987A)

1. INTRODUCTION

Star 2 is one of the two bright, close companions of SN
1987A in the Large Magellanic Cloud. Since they appear to
be physically associated with the supernova progenitor, Sk
—69°202 (van den Bergh 1987), the study of the character-
istics of these stars can provide important insights on the
nature and origin of the progenitor itself and on the
environment in which the progenitor of SN 1987A evolved.

The first classification of Star 2 was made by Gilmozzi et
al. (1987) and by Kirshner & Gilmozzi (1989), who, on the
basis of IUE spectra, estimated a spectral type BOV for star
2. Recently Walborn et al. (1993), using new ground-based
spectroscopic observations in the blue region of the spec-
trum, classified Star 2 as a B2II1. The difference in the classi-
fication is large and warrants further study, especially in
view of the widely different evolutionary scenarios that the
two classifications would imply: a recently formed star, say,
5 Myr old on the one hand, and a rather evolved star,
possibly as old as 20 Myr on the other hand. So an accurate
determination of the physical properties (such as effective
temperature, bolometric luminosity, and mass) of Star 2 is
fundamental in assessing the problem of its companionship
to the supernova progenitor.

Furthermore, Star 2 is so close to the line of sight of SN
1987A (offset ~2"5) that an extinction curve obtained
directly from an analysis of its spectrum will represent the
best estimate of the reddening toward the supernova. This,
of course, is crucially important for the study of numerous
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phenomena directly or indirectly related to the supernova
(energetics, luminosity at maximum, physical parameters of
the circumstellar rings, etc.).

In this paper we present and discuss the ultraviolet and
optical spectrum of Star 2, obtained with the HST-FOS,
from which we determine the stellar parameters of the star
as well as an accurate estimate on the interstellar extinction
toward Star 2. Also we determine that the initial mass of
Star 2 was about 13 M, and its age is less than 13 Myr, so
that Star 2 turns out to be coeval to Sk —69°202.

2. OBSERVATIONS

The observations were made on 1992 March 30 with the
Faint Object Spectrograph (FOS) of the Hubble Space Tele-
scope with a resolution of A/AA ~ 1300. Both the blue and
the red side detectors were used with the G130H, G190H,
G270H, G400H, G570H, and G780H gratings. The B-3
(086) aperture was used for all observations. The exposure
times were 800 s with the G130II, 600 s with the G190H,
and 300 s with all of the other gratings. A detailed descrip-
tion of the instrumentation can be found in Allen & Angel
(1982) and in the FOS Instrument Handbook (Kinney
1992). The observations were obtained as a part of the HST
Supernova INtensive Study (SINS) GO program.

Routine calibration of the data was carried out by the
science data-processing pipeline system maintained by the
Space Telescope Science Institute. The calibration process
is discussed by Koratkar (1993). Because of the poor signal-
to-noise ratio we do not consider the region with A >
8000 A.

The observed spectrum of Star 2 is shown in Figure 1.
The optical spectrum shows Ha clearly in emission and HS
partially filled in. The Balmer series is visible up to H13.
Several He 1 lines are also clearly visible (3927, 4009, 4026,
4471 A).

Many of the lines observable in the UV are of interstellar
origin, in particular Mg 1 12852, Mg 1 442795, 2803, Fe 11
AA2343,2374, 2382, 2586, 2599, O m1 4141175, 1334, and Si i1
AA1260, 1526. Only few stellar lines (e.g., the Fe m multiplet
in the 1900 A region, Si 1 411264 shown in Fig. 1, below) can
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Fic. 1.—The spectrum of Star 2. The strongest lines in absorption
and/or in emission are shown. The Balmer series is labeled down to H10,
while H11, H12, and H13 are indicated by vertical lines. The spectrum
shown in figure has been obtained by 10 point averaging of the original
spectrum and rebinning into 1 A intervals.

be entirely photospheric. All of the others have interstellar
lines superimposed on their photospheric components.
These lines are Al 11671, Al mt AA1855, 1863, C iv 441548,
1551, ihe Si ii and Si m multiplet at 1300 A, Si1v 111394,
1403, and the Fe n multiplet at ~ 1600 A.

Regarding the Ha emission, we have considered the
possibility of contamination of Star 2 spectrum by the emis-
sion from the supernova ejecta or from the circumstellar
rings. One can immediately exclude any major contami-
nation by the rings because in addition to Ho emission, one
should see forbidden lines, such as [N 1] 16548 and 16584
or [O ] 443727, 3729), with an intensity at least as strong
as the Ha line (Panagia et al. 1996a), whereas they are not
present in the spectrum of Star 2. About contamination by
the supernova itself, despite the fact that these are pre-
COSTAR data, the expected contamination is very low. In
fact, the flux emitted at Ho by the ejecta is approximately
the same (~2 x 107 1% ergs cm =2 s~ A~1) as that detected
in the spectrum of Star 2 (Panagia et al. 1996b), so that at
the distance of Star 2 (2'5), the flux contributed by the
supernova in the FOS aperture is less than 5% and, there-
fore, no correction needs to be applied.

3. SPECTRAL CLASSIFICATION

Star 2 has been classified as B2III by Walborn et al.
(1993) on the basis of its optical spectrum. Following the
criteria outlined by Rountree & Sonneborn (1991) we have

tried to classify Star 2 using its ultraviolet spectrum. Our
spectral resolution is about 4 times lower than the one used
by Rountree & Sonneborn but we believe that this does not
affect our conclusions appreciably. Figure 2 shows the
region of interest for a UV spectral classification. Using the
atlas of interstellar lines toward SN 1987A (Blades et al.
1988), we identified the lines in the UV spectrum of Star 2
that are contaminated by interstellar components. In
Figure 2 we show the positions of the photospheric lines
which can be used for the spectral classification. Starting
from the consideration that Star 2 its a blue star but not an
O spectral type we restricted the comparison only to B
stars. It is immediately clear that early luminosity class I
can be ruled out on the basis of the absence of P Cygni
profiles in the C v 141548, 1551, Si1v AA1394, 1403 and N v
AA1239, 1243 doublets, which, due to the presence stellar
winds, are expected to be very strong in these objects, and
then, despite of the interstellar contamination, should be
clearly observable.
A closer inspection to Figure 2 then reveals that

1. The absence of N m 141748, 1751 suggests a spectral
type later than B0.5111.

2. The absence of N 1v 11718 argues in favor of a spectral
type later than B1III.

3. The He i1 21640 line is very weak and possibly blended
with a Fe 11 line indicating a B2III type or later.

4. The ratio Si 1 11264/C m 41247 is ~1 indicating a
spectral type B1.5T11-B2I1I1.

5. Finally, the C 1v 141548, 1551, Si v 141394, 1403 and
possibly N v 141239, 1243 doublets are visible very clearly
in absorption with no evidence of a P Cygni profile, sug-
gesting a spectral type later that BOIII (we must notice,
however, that these lines are contaminated by interstellar
lines).

It is clear that the analysis of the UV spectrum argue in
favor of Star 2 being a B2III type, thus confirming and
adding weight to Walborn et al. (1993) classification.

Further information on the spectral classification of Star
2 can be obtained from the optical spectrum outside the
wavelength interval considered by Walborn et al. (1993). In
particular, the Ha line (Fig. 1) is in emission with an equiva-
lent width of W,, = —5.0 +0.8 A and a half-power full
width of HPFW =10 A The working (ic., purely
morphoiogical) definition of a Be star is “a non-supergiant
B star whose spectrum has or had at one time one or more
hydrogen line in emission ” (Jaschek, Sletteback, & Jaschek
1681). So from this point of view Star 2 has to be classified
as a Be star. Jaschek et al. (1980) defined a classification
scheme based on spectrum characteristics using a sample of
140 stars. They subdivided Be stars in five different groups.
The only groups which contain B2III stars are group I,
which actually defines the classical Be stars, and group V,
which contains objects that changed from normal B to Be
or vice versa. Star 2 can only belong to group V because if it
does not display the characteristics typical of group I
objects (Balmer lines in emission up to H{ at least, Fe 11
emission lines and/or IR excess). As a member of group V,
Star 2 is most likely to display variability on relatively short
scale (Jaschek et al. 1980), which so far has never been
detected.

In conclusion, the morphological dichotomy between
“normal” B and Be stars, unlike the UV or optical spectral
classification, does not appear to add valuable information
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FiG. 2.—Ultraviolet region of the spectrum of Star 2 containing the lines suited for a spectral classification. The vertical lines show the positions of the
following spectral lines N v 141239, 1243, C 11 41247, Sim A1264, Si1v 141394, 1403, C1v 141548, 1551, N1v 41718, N m1 441748, 1751.

on the physical properties of Star 2. We will further discuss
the implications of Star 2 being a B211le star in paragraph 6
on the Ha line.

4. THE EXTINCTION CURVE AND THE SPECTRAL ENERGY
DISTRIBUTION OF STAR 2

The determination of the reddening toward Star 2 has .

double significance, in that both it allows to correct the
spectral energy distribution of the star, and, due to the
proximity to SN 1987A, it provides the best and most direct
estimate of the reddening along that line of sight to SN
1987A.

Previous estimates of the reddening toward SN 1987A,
which were based either on the preoutburst colors of Sk
—69°202 (Panagia et al. 1987; Fitzpatrick & Walborn
1990; Walborn et al. 1993) or on the colors of main-
sequence stars and supergiants within few arcminutes from
SN 1987A (Walker & Suntzeff 1990; Fitzpatrick &
Walborn 1990) gave values in the range 0.16-0.20 in
E(B— V) with uncertainties of +0.02.

The canonical procedure to obtain the extinction curve is
to compare the spectral energy distribution of a star with
that of an unreddened star with the same physical proper-
ties (T;¢¢ , log g, chemical composition). We know that Star 2
is B2IIIe in spectral type, so the next logical step would be
to compare Star 2 with a LMC star of the same spectral
type not reddened. Unfortunately such spectra, covering the
same wavelength interval, are not available. But, more
important, as discussed extensively by Walborn et al. (1993),
the spectral type—effective temperature calibrations are
rather uncertain, in the sense that stars of the same spectral

type may have considerably different temperatures. As a
consequence, their intrinsic spectral distributions are poorly
constrained, thus making the determination of the
reddening through their comparison rather problematic.

Since we need to determine both the reddening and the
spectral energy distribution in order to characterize the
properties and the evolutionary stage of Star 2 properly,
one viable alternative is to use model atmosphere calcu-
lations as reference spectra to compare with the energy dis-
tribution of Star 2. Indeed, this is the standard procedure to
calibrate the effective temperatures of unreddened stars (see,
for example, Gray 1992). The main sources of uncertainty
inherent to such method are (1) the accuracy of the mea-
surements, (2) the realism of the model, and (3) the inter-
stellar reddening. If a star is reddened, this procedure can
still be applied successfully if one introduces the reddening
as an explicit fitting parameter in the comparison and adds
complementary criteria, such as spectral lines analysis
and/or the Balmer jump, to help selecting the appropriate
model.

In the case of Star 2, one can use the Balmer jump to
define an acceptable range of models with different tem-
peratures, gravities, and chemical compositions. Then one
can further constraint the models by selecting the ones that,
once reddened, better represent the observed spectral dis-
tribution. The last step is to assume an extinction curve and
allow the reddening to vary until the best fit is achieved for
a particular model.

We have used two sets of model atmospheres (Kurucz
1992) with metallicities Z = Z, and Z = Z/3, respec-
tively. A comparison of the two sets with each other reveals
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that the lower metallicity models have somewhat bluer con-
tinua, although the differences are rather small, i.e., about
1% throughout the entire spectrum except for A < 2000 A
where they are of the order of 2%-3%.

For hot stars the Balmer jump is sensitive to temperature
and gravity and almost intensitive to the chemical composi-
tion. We limited our comparison to models with
log g = 3.0, 3.5, 4.0. The temperature derived on this basis
was 21,000 K (log g = 3.5) with an uncertainty, due to mea-
surement errors and to the range of adopted gravities, of
about 2000 K. Therefore, for the next step of comparing
reddened models with the spectrum of Star 2, we explored a
temperature range of about 2 o, ie., +4000 K, around
21,000 K.

We assumed the reddening to be a combination of the
galactic and the 30 Dor average extinction laws as compiled
by Savage & Mathis (1979) and Fitzpatrick (1986), respec-
tively. We kept the relative contribution of each law as a
free parameter and searched for the best value of E(B—V)
which yielded the optimum match of the spectrum of Star 2
with each spectrum of the models within the range selected
from the Balmer jump analysis. The galactic contribution
was allowed to vary between 0% and 40% of the total
reddening in the V band in steps of 5%. Varying the galactic
contribution has effects both on the strength of the 2200 A
feature in the extinction curve and in the slope of its far-
ultraviolet region, given that the 30 Dor extinction curve is
steeper than the galactic one. The 2200 A feature, however,
does not represent a good indicator of the goodness of a fit,
in terms of amount of extinction, because its strength is
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related to the chemical composition of the interstellar grains
more than to their total amount. Furthermore, even the
shape of the far-UV extinction curve displays significant
scatter toward different lines of sight (Savage & Mathis
1979; Fitzpatrick & Savage 1984). All of this makes the com-
parison between reddened models and Star 2 not very sensi-
tive to the exact percentage of the galactic contribution.

The results of this analysis are (1) Star 2 effective tem-
perature based on Balmer jump and on the whole energy
distribution is T, = 22,000 K with an uncertainty of
+ 1000 K. We would like to note that + 1000 K is the error
calculated only on the base of statistical arguments;
however, the uncertainties in the shape of the adopted
extinction curve and the fact that the procedure is model
dependent suggest adoption of a more conservative value of
+2000 K. (2) The -corresponding color excess is
E(B—V) = 0.19 with an error of +0.02. The percentage of
galactic contribution is 30%, corresponding to a galactic
foreground extinction of about E(B—V)=0.06 (Bessell
1991; Schwering & Israel 1991). (3) There is not significant
difference in the quality of the fit with either Z = Z or
Z = Z /3, although the solar abundance spectrum gives a
marginally better fit to the observations.

Figure 3 displays the best-fit model (T, = 22,000 K, log
g =3.5and Z = Z) together with the observed spectrum.
Figure 4 shows the actual extinction curve (open dots) and
its the best fit (solid line) in terms of a combination of
average galactic and LMC extinction curves in a ratio 1:2.
As one can see the agreement between the model and the
open dots is very good overall except in the region around

1 1 1 _ 1 1 1

2000

4000

6000

wavelength [A]

FiG. 3.—Comparison between the spectrum of a model atmosphere with T, = 22,000 K, log g = 3.5, Z = Z, (heavy line), and the spectrum of Star 2
gight line) dereddened using a value of E(B— V) = 0.19 and a galactic contribution of 30%. The apparent overcorrection around 2000 A reveals that the 2200
bump, along the line of sight toward Star 2, is less strong than predicted by the combination of LMC and Galactic average extinction curves (see text).
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FiG. 4—Extinction curve (open dots) obtained from the ratio of the theoretical spectrum from a model atmosphere with T, = 22,000 K, log g = 3.5,
Z = Z, to the observed spectrrum of Star 2. The solid line is a composite extinction curve calculated using the best-fit reddening parameters. The solid line is
a composite extinction curve calculated using the best-fit reddening parameters. The filled dots are average over 10 observed points. The extinction curve has
been binned into 0.05 um ~ ! intervals.

the 2200 A bump. Also, there is a larger dispersion in the
far-UV and in the red. In the far-UV this is clearly due to

the presence of stellar lines, which are not well reproduced TABLE 1

by the model (e.g., the Fe m multiplet at ~1900 A) and to EXTINCTION CURVE TOWARD STAR 2

the presence of interstellar absorption lines that the models

cannot reproduce and that cannot easily be disentangled 14 i _A

from the stellar components (see Fig. 2). In the near IR the (um™") @A) 4, [EB-V)]  Method

larger dispersion is entirely dpe to the lower S/N ratio. 125...... 8000 035 1.86 Fit
On the other hand, the discrepancy around the 2200 A 1.50...... 6667 047 247 Fit

feature appears to be statistically significant. This means L75...... 5714 0.56 2.96 Fit

that in this region the best-fit model cannot represent the 200........ 5000 0.67 3.52 Fit
ddeni 1 ds 2 ad Iv. A 1l h 225...... 4444 0.77 4.07 Fit

readening law t(-)war tar adequate y.' ctually, the 250...... 4000 0.85 446 Fit

observed bump is less pronounced than in the average 275...... 3636 091 4.80 Fit

LMC curve. The filled dots in Figure 3 represent the 10 3.00...... 3333 098 5.16 Fit

point averages of the observed extinction curve. 325’(5) ------ ggg; }'(1’2 g‘gg ll::l:
Adopting R = 3.1, we computed the absolute extinction PO : : :

. . . N 3.75...... 2667 1.23 6.48 Fit
curve for the line of sight toward Star 2. We believe that this 4.00...... 2500  1.25 6.60 Obs
represents the most accurate determination of the extinc- 425...... 2353 1.38 7.26 Obs
tion curve toward Star 2 and, because of its association with 450...... 2222 158 831 Obs
Sk —69°202 (see § 7), toward SN 1987A. In Table 1 we 475, 2105 161 8.49 Obs

he derived o Th ] f 14> 4.0 5.00...... 2000 1.66 8.75 Obs

report the derve eX'[l_IIlC'[IOR e values for /A > 4. 525...... 1905  1.69 .88 Obs
um~!and 1/ > 5.5 um ™! are those obtained from the best 550...... 1818  1.68 8.86 Obs
fit in terms of a combination of 30% galactic and 70% LMC 575...... 1739 1.67 8.80 Fit
laws, whereas around the 2200 A bump (4.0 <1/A <55 2’3(5) ----- 128(7) }Zé g-gz ;‘:
pm‘l) we give the actual average values as displayed in 650 . 1538 181 9.55 F;t
Figure 3. ‘ 675...... 1481 188 9.89 Fit
The measured strength of the 2200 A bump is confirmed 7.00...... 1429 196 10.3 Fit
independently from the analysis of the emission lines in the ;gg ~~~~~~ ggg 3(1)3 i(l); I;it
: : : 50...... . . it

spectrum of the inner circumstellar ring of SN 1987A 775 1200 22 17 Fit

(Panagia et al. 1996b). In particular, the line intensity ratios
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[N 1] 6548+6584/[N 1] 5755 and [N m] 2140+ 2144/
[N11] 6548 + 6584 areboth temperatureindicators. Giventhat
the two ratios must give the same temperature and that the
UV lines fall in the 2200 A region, the comparison between
the temperatures derived from the two ratios is a valuable
diagnostic tool to test the extinction around the 2200 A
bump. The results of the analysis show that the amount of
extinction needed to obtain one and the same temperature
agrees perfectly with the estimate obtained from this study,
whereas the adoption of a more “standard” 2200 A bump
would produce temperature discrepancies that are well
beyond the measurements errors.

To complete our analysis of the line of sight toward Star
2, we have measured the neutral hydrogen column density
to Star 2 by fitting the interstellar Ly a absorption line. We
obtain

NHI) =409 x 1021 cm 2.
This leads to a ratio
E(B—V)/NH1) = (48%13) x 10723 cm? ,

which is 3—6 times lower than in our Galaxy, just reflecting
the lower metallicity of the LMC where most of the extinc-
tion originates (see also Fitzpatrick 1986).

The effective temperature we obtain is somewhat higher
than the canonical values for galactic B2 giants (see, e.g.,
Schmidt-Kaler 1982). The lower metallicity of the LMC
could cause stars of a given spectral type to have a higher
temperature than the corresponding stars in our Galaxy.
Also, the spectral type—effective temperature calibrations
are rather uncertain (see discussion in Walborn et al. 1993),
and, therefore, we conclude that an effective temperature of
T = 22,000 + 2000 K is entirely appropriate for Star 2
being a B2III.

5. STELLAR PARAMETERS

The stellar radius was determined by comparing the
dereddened spectrum of Star 2 with a model atmosphere at
T = 22,000 K, log g = 3.5, Z = Z/3 and by adopting a
distance to SN 1987A of 51 kpc (Panagia et al. 1991).
Because of spherical aberration and of pointing problems,
only a fraction of the stellar flux was actually measured with
the adopted FOS aperture. A direct estimate of the correc-
tion factor was derived by comparing the magnitudes of
Star 2, as measured by Walborn et al. (1993) in the U, B, V,
and R bands, with the corresponding average fluxes as mea-
sured with the FOS. The correction factor turned out to be
virtually independent of the wavelength, with an average
value of 1.31 + 0.05. Including this correction, we calculate
a radius

R=108+ 08 Ry .
Correspondingly, the bolometric luminosity is
log L/Ly =4.38 £ 0.11 .

The fit of the continuum with model atmospheres, as dis-
cussed in § 3, allows one to estimate the effective tem-
perature of Star 2 rather accurately but leaves its gravity
poorly constrained. To determine the gravity we have used
the Hy line, which is a sensitive function of gravity. The
observed Hy equivalent width is W,, (Hy) = 3.0 + 0.5 A. To
compare this value with classical model atmosphere we

normalized flux

©
o
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have had to correct it for the emission produced in the
stellar wind (see § 5). With the wind parameters deduced
from the analysis of the Ho emission and following the
prescriptions of Panagia (1991) and Scuderi et al. (1992),
the correction amounts to AW = +0.4 A, which makes the
intrinsic Hy equivalent width at the stellar atmosphere
W,m(Hy) = 3.4 + 0.6 A. Comparing this corrected value
with the non-LTE calculations of Mihalas (1972) we esti-
mate a value of log g = 3.33 + 0.17. A similar procedure
applied to the Hp line gives log g = 3.31 + 0.29, the uncer-
tainty being larger because the wind emission correction is
larger.

We also measured the rotational velocity by comparing
the observed Hy profile with the theoretical profiles calcu-
lated by Mihalas (1972) (see Fig. 5), adding a wind emission
component as appropriate from scaling the Ho line.
Attributing the difference between theoretical and observed
profiles to rotational broadening, we obtain

vsini=250+50kms™!.

The values of log g derived above represent the effective
gravity, which include both the true gravity and the effect of
centrifugal force. For a present mass of Star 2 of about 12
Mg (see § 7) and a stellar radius of 10.8 R, the breakup
velocity is 460 km s~ 1. If one assumes sin i = 1, rotation
has the effect to reduce the effective gravity by 22% at the
equator and about 10% averaged over the whole stellar
surface. For lower values of the inclination the reduction
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F16. 5—Comparison of the observed and theoretical profiles for the
Hy, the HB, and the Ha hydrogen lines of Star 2.
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TABLE 2

STELLAR PARAMETERS OF STAR 2

Parameter Value
Spectral type ............ B2 111

E eeenees 22,000 4+ 2000 K

logg cooovviviiiinnnn.n >3.37+0.17
Radius ................... 10.8 + 0.8 Ry
log(L/Lg) «ovvvvvvneinnnns 4.38 +0.11
VSN i, 250 + 50 km s~
log[M/(Mg yr™4]...... —-70+05
Initial mass.............. >13 M,
Age..oooviiiiiiiiiiiii, <13 Myr

would be larger. Therefore, the true gravity of Star 2 is
higher than measured from the Hy and Hp profiles and is
likely to be log g ~ 3.37 or higher.

Table 2 summarizes the stellar parameters of Star 2.

6. Ho EMISSION AND MASS LOSS

Mass loss may affect the evolution of a star rather strong-
ly. The mass-loss rate is then an important parameter that
has to be determined for a correct characterization of the
evolutionary stage of a star.

The Ha line provides one of the most powerful tools to
extract this information (see, e.g., Klein & Castor 1978;
Leitherer 1988; Scuderi et al. 1992, 1994). The interpreta-
tion of the Ha emission in terms of a stellar wind in the case
of Star 2 may, however, not be straightforward due to the
possible Be nature of the object.

In fact, if Star 2 were a classical Be star, then part of the
Ho emission would originate from material orbiting around
the star and part from material escaping the surface of the
object, i.e., a wind. As Star 2 seems to be rather peculiar as a
Be object, in the sense that the only clear evidence of its
nature is the Ha emission, we will also explore the possi-
bility that all of this emission is due to outflowing material.

In the latter scenario an estimate of the mass-loss rate can
be obtained fitting the Ha profile. Our analysis follows the
method outlined by Scuderi et al. (1992, 1994) with some
modifications to allow for rotational broadening. The
expected difference relative to the case of a purely radially
flowing wind is a broadening and flattening of the profile,
which is especially important at low velocities, i.e., for the
layers closest to the surface of the star were the effect of the
rotation is dominant with respect to that produced by the
radial outward motion of the wind. To take into account
the broadening due to the rotation, we first calculated an
Ha profile that includes only the effects of the presence of a
wind, and then we convolved this profile with a suitable
rotational profile.

The wind profile was calculated using the model
described in Panagia (1991) and Scuderi et al. (1992). The
wind is assumed to be stationary, spherically symmetric,
fully ionized, and isothermal. The velocity field is assumed
to have a truncated power-law dependence with radius

. A 1y
o) =vo| o) » >—<(=2) ;
% Ry R, Do

r v\
= y T > -2 M 1
0 =v., 1 <v0> (1
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where R, is the radius of the star, v, and v, are the initial
and the terminal velocity of the wind, respectively. The tem-
perature in the wind was assumed to be 0.85 x T, hydro-
gen and helium are singly ionized with He/H = 0.1 by
number, and the departure coefficient for level 2 of hydro-
gen is b,=3 (H. J. G. L. M. Lamers, private
communication). The terminal velocity is assumed to be
v, = 1200 km s™?, as appropriate for a star with T, =
22,000 K (see, e.g., Panagia & Macchetto 1982).

Then, for a given set of wind parameters, i.e., v, y, and M,
we calculate a wind emisson profile. This purely emission
profile is combined with a photospheric profile and with an
appropriate P Cygni scattering profile in the way described
by Scuderi et al. (1992).

Rotation is allowed for by convolving the resulting line
with a rotational profile, which is assumed that appropriate
for a layer with radius such as half of the wind emission
originates from gas inside that radius. Such a radius occur
very close to the stellar atmosphere. For example, with
velocity slopes of y = 1 and y = 0.5, the radii which enclose
the 50% emission region are 1.26 and 1.41 the stellar radius,
respectively. Assuming momentum conservation, the corre-
sponding rotational velocities are 0.79 and 0.71 the equato-
rial velocity. Since the rotational velocity changes so little
over most of the emitting region, our approximation is cer-
tainly adequate.

Finally, the resulting profile is convolved with an instru-
mental profile (e, a Gaussian with an HPFW = 5.7 A;
Kinney (1992) and compared with the observed profile (see
Fig. 5). Adopting a rotational velocity of v,,, = 250 km s~ 1,
the best fit is achieved for

y=05+05,
vo=130+30kms~ 1,
M=26x10"7 Mgyrt.

We have to bear in mind that the mass-loss rate is a rather
sensitive function of the wind radial velocity field. On the
other hand, our analysis shows that rotational broadening
is the dominant factor in determining the shape of the
profile, and, therefore, the radial velocity field of the wind is
not perfectly determined. This implies that the mass-loss
rate may be uncertain by as much as a factor of ~ 3.

We note that the wind parameters derived from the
analysis of the Ha line provide an excellent fit to the HB and
of Hy, too. In fact, not only can the observed equivalent
widths of Hf and of Hy be accounted for, but also the
profiles are fitted quite satisfactorily (cf. Fig. 5).

On the other hand, as we noted at the beginning of the
section, the mass-loss rate obtained so far is a upper limit if
the Ha emission is in part produced by material not escap-
ing from the star. Mass-loss rates of classical Be stars have
been measured from far-infrared measurements using
appropriate disk + wind models (Waters, Coté, & Lamers
1987). For giant stars of similar spectral type as Star 2 they
found M ~ 5 x 108 Mg yr~! to within a factor of 3.
Assuming the mass-loss rate proportional to the equivalent
width of the Ha (see, for example, Scuderi et al. 1992), one
obtains M ~3 x 107 Mg yr~! for Star 2 under the
hypothesis of it being a “ classical ” Be star.

Clearly, the truth has to be intermediate between the
“pure wind hypothesis” and the “classical Be” hypothesis.
Thus, considering that the estimates in either case are
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uncertain to a factor of 3, we conclude that Star 2 has a
mass-loss rate of about 1077 Mo yr 1.

7. STELLAR MASS, AGE, AND RELATIONSHIP TO SN 1987A

To determine the mass of Star 2 we used two independent
methods: (1) a spectroscopic determination and (2) a deter-
mination based on stellar evolution.

As discussed in § 4, the true stellar gravity derived from
the Hy and Hp equivalent widths after allowance for rota-
tion and for the presence of a wind, is log g > 3.37 + 0.17
and the stellar radius is R = 10.8 + 0.8 R,. It follows that

Mspectr > 1Oli‘it(s) MO

The evolutionary mass of Star 2 can be estimated from its
position in the H-R diagram. With T, = 22,000 + 2000 K
and log(L/Ly) = 4.38 4 0.11, and using the evolutionary
model calculations of Schaller et al. (1992), which include
mass loss, the initial mass and the age of Star 2 would
appear to be

M., =118 415 M,

and (15 + 2) x 108 yr, respectively (see, Fig. 6). Because of
mass loss, the present mass is found to be a little lower than
the initial one, i.e.,

Mpresent ~11.7 MO

In Figure 6 we also display the evolutionary tracks of
Schaerer et al. (1993) calculated for stars with a lower metal-
licity (Z = 0.008). As one can see, in the early phases of the
post-main-sequence evolution, even a big change in metal-
licity affects the evolutionary tracks only marginally.

The two determinations of the stellar mass are in excel-
lent agreement with each other, especially considering that

55 rrrrrJrrrrJyrrryrreorr T T
— Z=0.02 E
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FiG. 6.—Theoretical H-R diagram for stars with masses between 9 and
20 M. Solid lines (Z = 0.02) are from Schaller et al. (1992). Dashed lines
(Z = 0.008) are from Schaerer et al. (1993). The position of Star 2 is indi-
cated by the filled dot.
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the value of M., is possibly a lower limit. Also, it is
important to realize that the spectroscopic mass is a mea-
surement of the present mass, whereas the mass deduced
from evolutionary tracks is the initial mass of a star.
Actually, we note that the measured mass-loss rate of Star 2
is an order of magnitude higher than the one adopted for
the calculation of the evolutionary tracks (Schaller et al.
1992). Considering that the stellar luminosity is the main
stellar parameter that affects the mass loss (Scuderi 1994;
Scuderi & Panagia 1996), one expects that Star 2 has
changed its mass-loss rate by no more than a factor of 2 or 3
since it was on the main sequence. Therefore, we can
extrapolate back from the present and estimate that Star 2
has lost about 1 M during its lifetime. Since the present
temperature and luminosity of Star 2 indicate a present
mass of about 12 M, we conclude that the initial mass of
Star 2 was

Mipiia 2 13 Mo
and its age was
age < 13 x 10 yr .

All of this can be used to clarify the relationship of Star 2 to
the progenitor of SN 1987A. Its mass has been estimated to
be about 19 + 3 M, (Arnett et al. 1989). Adopting again
Schaller et al. (1992) evolutionary calculations, the corre-
sponding lifetime would be (11 + 2) x 10° yr. On the other
hand, the mass-loss rate just before explosion (8.8 x 107°
Mg yr~%, Chevalier & Fransson 1987) was about 3 times
lower than the mass loss adopted for the evolutionary
tracks. If the pre-explosion value is representative of the
average mass-loss rate in the late phases of evolution, the
total mass lost is somewhat lower than what is implied by
the models, and, therefore, the lifetime of the progenitor of
SN 1987A is likely to be somewhat longer than 11 x 10° yr.
In any case, we conclude that the formation of Star is essen-
tially coeval to that of the progenitor of SN 1987A well
within the uncertainties. Furthermore, as the projected dis-
tance on the sky is about 2°5 it is very likely that the two
stars, being formed at the same time, were physically associ-
ated (see also van den Bergh 1987).

8. CONCLUSIONS

From an analysis of HST-FOS spectra of Star 2, one of
two companions of SN 1987A, we have determined its
stellar parameters:

1. Star 2 is a B2III star, which is reddened by
E(B—V)=0.19 + 0.02.

2. Its effective temperature is T, = 22,000 4+ 2000 K and
its luminosity is log L/L = 4.38 4 0.11.

3. Star 2 has a rotation velocity of v sin i = 250 + 50 km
s~ ! and a mass-loss rate oflog M ~ —7.0 + 0.5 Mo yr~ 1.

4. These stellar parameters imply that Star 2 had an orig-
inal mass of about 13 M and was born less than 13 Myr
ago, which makes it coeval to the SN 1987A progenitor Sk
—69°202.
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