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ABSTRACT

WOH G64 is an unusual red supergiant (RSG) in the Large Magellanic Cloud (LMC), with a number of properties
that set it apart from the rest of the LMC RSG population, including a thick circumstellar dust torus, an unusually late
spectral type, maser activity, and nebular emission lines. Its reported physical properties are also extreme, including
the largest radius for any star known and an effective temperature that is much cooler than other RSGs in the LMC,
both of which are at variance with stellar evolutionary theory. We fit moderate-resolution optical spectrophotometry
of WOH G64 with the MARCS stellar atmosphere models, determining an effective temperature of 3400 +
25 K. We obtain a similar result from the star’s broadband V — K colors. With this effective temperature, and
taking into account the flux contribution from the asymmetric circumstellar dust envelope, we calculate log(L /L)
= 5.45 + 0.05 for WOH G64, quite similar to the luminosity reported by Ohnaka and collaborators based on
their radiative transfer modeling of the star’s dust torus. We determine a radius of R/Rs = 1540, bringing the
size of WOH G64 and its position on the Hertzsprung—Russell diagram into agreement with the largest known
Galactic RSGs, although it is still extreme for the LMC. In addition, we use the Ca 11 triplet absorption feature
to determine a radial velocity of 294 4 2 km s~! for the star; this is the same radial velocity as the rotating
gas in the LMC’s disk, which confirms its membership in the LMC and precludes it from being an unusual
Galactic halo giant. Finally, we describe the star’s unusual nebula emission spectrum; the gas is nitrogen-rich and
shock-heated, and displays a radial velocity that is significantly more positive than the star itself by 50 km s~'.
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1. INTRODUCTION

Red supergiants (RSGs) are an evolved He-burning phase
in the life of a moderately massive star (10-25 M). Their
location in the Hertzsprung—Russell (H-R) diagram has, in the
past, been at odds with the predictions of stellar evolutionary
theory, occupying a position that was too cold and too luminous
to agree with the position of the evolutionary tracks. Levesque
et al. (2005, 2006; hereafter Papers I and II) and Massey et al.
(2009) have used the newest generation of the MARCS stellar
atmosphere models (Gustafsson et al. 1975, 2003, 2008; Plez
et al. 1992; Plez 2003) to fit model spectral energy distributions
(SEDs) to moderate-resolution spectrophotometry of RSGs in
the Milky Way, Magellanic Clouds, and M31. The new physical
parameters derived from this fitting shifted the properties of
RSGs to higher effective temperatures and lower luminosities,
bringing them into generally excellent agreement with the
evolutionary tracks.

However, the RSGs include several oddball members that
require a more detailed analysis. One classic example is the
case of VY CMa, a well-studied dust-enshrouded RSG in the
Milky Way. Massey et al. (2006) fit a spectrum of VY CMa with
the MARCS models and derived an effective temperature (7es)
that was much warmer than previous estimates (Le Sidaner
& Le Bertre 1996) and brought this previously troublesome
star into much better agreement with the evolutionary tracks;
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however, determination of VY CMa’s stellar luminosity remains
difficult due to the challenges posed by the large structured
dust-reflection nebula that surrounds the star (Monnier et al.
1999; Smith et al. 2001; Smith 2004; Humphreys et al. 2005;
Massey et al. 2008) and its uncertain distance (Choi et al.
2008). Another example is the unusual Magellanic Cloud RSGs
with variable effective temperatures and dust production as
described in Levesque et al. (2007) and Massey et al. (2007),
and henceforth referred to as Levesque—Massey variables. These
stars show considerable changes in their effective temperatures
and V magnitudes and a common set of variations—when
they are at their warmest they are also brighter, dustier, and
more luminous. They are recognizable in their cooler states by
occupying the “forbidden” region on the H-R diagram to the
right of the Hayashi track, where stars are no longer expected
to be in hydrostatic equilibrium (Hayashi & Hoshi 1961). They
are currently believed to be in an unstable (and short-lived)
evolutionary phase not previously observed in RSGs.

WOH G64 (CYQ()()() = 04:55: 10.49, 52000 = —68120129.8, from
Buchanan et al. 2006) is another unusual RSG in the Large
Magellanic Cloud (LMC), originally discovered by Westerlund
et al. (1981), with a number of properties that set it apart from
the rest of the LMC RSG population. It is an IRAS source
(IRAS 04553—6825), and is surrounded by an optically thick
dust torus (Elias et al. 1986; Roche et al. 1993; Ohnaka et al.
2008). Studies of the optical spectra by Elias et al. (1986) and
van Loon et al. (2005) show a spectrum dominated by very
strong TiO bands, which has led to assignments of spectral
types as late as M7-8, by far the latest spectral type assigned
to an LMC RSG (e.g., Paper II), with corresponding extreme
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physical properties, which would make WOH G64 the star
with the largest known radius, and the RSG with the largest
known luminosity and mass (van Loon et al. 2005). It is also
a known source of OH, SiO, and H>,O masers (Wood et al.
1986; van Loon et al. 1996, 1998, 2001), with two different
maser components, suggesting a substantial mass outflow and
two different expanding dust shells (Marshall et al. 2004).
Finally, Elias et al. (1986) report detections of He, [O 1], and
[N 11] emission in the optical spectrum. WOH G64 is neither
isolated nor in a well-populated region. The star is not in any
of the Lucke—Hodge OB associations (Lucke & Hodge 1970).
Inspection of the UBVR CCD images of the LMC described by
Massey (2002) reveals that although there are bright neighboring
blue stars in the vicinity (such as [M2002] 22861, located 70”
away, or the star BI 23, classified as BO II by Conti et al. 1986,
located 110” away), the region is not rich in bright, blue stars.

We have investigated this unique RSG in more detail, ap-
plying a similar analysis used in Papers I and II to examine
the physical properties that can be derived from the optical
spectrum. We obtain moderate-resolution spectrophotometry of
WOH G64 using IMACS on the Baade 6.5 m Magellan tele-
scope at Las Campanas Observatory (Section 2), confirm this
star’s membership in the LMC (Section 3), and compare the
parameters that we determine from our model fitting to those
presented in past work and predictions of evolutionary theory
(Section 4). Finally, we discuss the intriguing issue of emis-
sion line features in WOH G64 (Section 5) and summarize our
findings on this unusual star (Section 6).

2. OBSERVATIONS

A flux-calibrated spectrum of WOH G64 was obtained on UT
2008 December 10 using the IMACS spectrometer on the Baade
6.5 m Magellan telescope during an observing run primarily
devoted to an unrelated project. A 300 line mm~! grating was
used in first order for spectral coverage from 3500 A to 9500 A.
A 079-wide long slit was used, resulting in a spectral resolution
of 4.3 A. The observation consisted of 3 x 600 s exposures,
and were obtained under photometric conditions. The seeing,
measured in the visible off the guide camera (which is off-axis)
registered 075-0"6 during the exposure. We measure 077 full
width at half-maximum intensity on our spectra. The airmass
was approximately 1.5 at the time. The slit was oriented to
the parallactic angle; we note that IMACS also includes an
atmospheric dispersion compensator, so our relative fluxes from
the red to the blue should be good despite the modestly large
airmass.

Flat fielding was performed by means of a series of flats
obtained on a projector screen; wavelength calibration (He—Ne—
Ar lamps) was obtained immediately after the three exposures.
A large number of bias frames (60) were averaged and used
to remove residual two-dimensional structure after overscan
correction and trimming.

In addition to the observation of WOH G64, observations of
three LMC RSGs with known radial velocities from Massey
& Olsen (2003) were obtained immediately prior to the WOH
G64 observation in order to check on LMC membership for
WOH G64 (see Section 3). Those exposures were 60 s long,
and obtained at the parallactic angle. Each observation was also
followed by an He—Ne—Ar comparison arc.

Throughout the course of this and several other nights, we
also observed spectrophotometric standard stars from the list
of Hamuy et al. (1994). The spectrograph slit was oriented
to the parallactic angle for these observations as well. Some
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of those data were obtained under nonphotometric conditions,
but all of the standards data were combined, with a gray shift
calculated such that the average throughput agreed with the
observation with the highest throughput. The resulting residuals
from a high-order fit were a few hundredths of a magnitude, as
expected. The sensitivity curve we derived was applied to the
WOH G64 observation.

All data were processed using IRAF.® The spectra were
extracted using an optimal extraction algorithm, with deviant
pixels identified and rejected based upon the assumption of a
smoothly varying spatial profile.

3. MEMBERSHIP IN THE LMC

Before investigating the physical properties of WOH G64,
we first wished to confirm that it was indeed an RSG member of
the Magellanic Clouds, rather than an unusual foreground giant.
Elias et al. (1986) measure a radial velocity of 315 km s~!
from several nebular emission lines, but state that the velocity
zero point is uncertain by 50 km s~ and cite this as evidence of
membership in the LMC. However, this really only demonstrates
that the star is not a foreground dwarf; a halo giant will have a
similar velocity to the LMC’s systematic velocity, as it is due
mainly to the reflex motion of the Sun. This value can also
be compared to the ~270-278 km s~! velocity of the maser
emission reported by Marshall et al. (2004), which is more
in line with our expectations of the LMC'’s rotation (Olsen &
Massey 2007). Finally, van Loon et al. (1998) use the Ca 11
triplet to measure a heliocentric velocity of ~300 km s~.

We can use our spectra to determine if the star’s radial
velocity is consistent with the kinematics of other RSGs in
the LMC. We measured the radial velocity of WOH G64 by
cross correlating our spectra against those of three LMC RSGs
with accurate velocities measured by Massey & Olsen (2003),
[M2002] LMC 022204, 024014, and 024987. For this, we used
the fxcor task in the IRAF rv package, restricting the cross-
correlation region to 8450-8700 A, which contains the very
strong Ca 1 triplet lines at AA8498, 8542, 8662 (Figure 1).
The spectra were first normalized to unity, and then a value
of 1 subtracted so that only spectral features add signal to
the cross correlation. We used the three individual WOH G64
spectra in order to determine the internal consistency of our
measurements; in addition, we cross correlated each of the radial
velocity “standards” against each other. These tests revealed
that the maximum difference seen in cross correlating any two
calibrating stars against themselves was 10 km s~!, giving us
assurance that the velocity we determine with the combination
of the three would be a few km s~'. We expect to be able
to centroid each line to about 10% of the spectral resolution
element or better, and so this is consistent since the 4.3 A
resolution translates to about 150 km s~!. We obtained a radial
velocity of 294 + 2 km s~ where the error refers to the formal
standard deviation of the mean, and reflects the good agreement
in cross correlating the stars used for the velocity determinations
against themselves. Given this star’s location in the LMC, we
expect a heliocentric velocity of 263 km s~! due to contributions
from the LMC’s space motion relative to the Sun and its internal
rotation, using a kinematic model fit to LMC carbon stars (Olsen
& Massey 2007). Although our measured velocity for WOH

6 IRAF is distributed by the National Optical Astronomy Observatories,
which are operated by the Association of Universities for Research in
Astronomy, Inc., under cooperative agreement with the National Science
Foundation.
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Figure 1. Velocity of WOH G64 compared to the kinematics of the LMC’s H 1 gas and other LMC RSGs. Left: measured H 1 velocities (grayscale; Kim et al. 2003) and
LMC RSGs (points; Massey & Olsen 2003) have been converted to in-plane circular velocities, as described in Olsen & Massey (2007), and are plotted vs. in-plane
radius. The polygons labeled “S,” “E+B,” and “E2” mark the signatures of H 1 tidal streamers identified by Staveley-Smith et al. (2003) and Olsen & Massey (2007);
different colors (green, yellow, and magenta) identify RSGs that fall within these regions. The red polygon outlines the LMC’s flat internal rotation curve. The large
blue dot marks WOH G64, which clearly has a velocity typical of RSGs at its in-plane radius. Right: the H 1 gas contained within the regions drawn at bottom left are
plotted with different colors as follows: red for the main rotation curve, magenta for the arm S region, yellow for the combined arm E and B regions, and green for
region E2. The blue dot again marks the location of WOH G64, while the remaining points are other LMC RSGs. WOH G64 is coincident with the gas that is rotating

in the LMC'’s disk.

G64 is ~30 km s~! higher than that of the carbon stars, it is still
entirely consistent with LMC membership, as seen in Figure 1.
The difference in velocity can be attributed to the fact that the
LMC’s RSGs appear to exhibit ~45 km s~! faster rotation than
the carbon stars (whether this is because either the LMC’s RSGs
or its carbon stars have been kinematically disturbed by external
forces is not yet clear; see Olsen & Massey 2007). In any case,
WOH G64’s velocity is indeed typical for an LMC RSG at its
position.

4. PHYSICAL PROPERTIES
4.1. Previous Work

Elias et al. (1986) obtain a 6200-9200 A spectrum of WOH
G64 from the Cerro Tololo Inter-American Observatory Blanco
4 m and RC Spectrograph. Based on this spectrum, they assign
the star a type of ~M7.5, and derive an My, of —9.7 (adopting a
distance modulus of 18.6) by integrating over IR ground-based
and IRAS data and assuming the (V—K) color to be ~8; we
correct this to Mpoy = —9.6 (L/Ly = 5.4 x 10%) adopting a
distance modulus of 18.5 (van den Bergh 2000). This work is
also the first to note the incredible excess IR emission from
WOH G64 and postulate that such emission is coming from a
substantial circumstellar dust shell.

van Loon et al. (2005) examine a low-resolution long-slit
optical spectrum obtained with DFOSC at the 1.5 m Danish
telescope at La Silla in 1995 December. They assign a spectral
type of M7.5¢e I, in agreement with Elias et al. (1986), but also
find some disagreement between different TiO bands, with the
6200 A band suggesting an M7-8 I type, while some relative
band strengths suggest an earlier type of M5 1. They assign a Tegr
of 3008 K based on a giant-class T, scale published in Fluks
etal. (1994) and use of the dust radiative transfer model DUSTY
(Ivezi¢ et al. 1999). Finally, they determine My, = —9.49
(L/Lo = 4.90 x 10°), adopting a distance to the LMC of
50 kpc.

Most recently, Ohnaka et al. (2008) use 2005 and 2007 N-
band observations to compute two-dimensional models of the
dusty torus surrounding WOH G64. While Ohnaka et al. (2008)
begin by discussing the parameters derived by van Loon et al.
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Figure 2. Optical SED of WOH G64 (black) overplotted with the best-fit
MARCS stellar atmosphere model with Ter = 3400 K (red) there is good
agreement with the depths of the TiO bands at 5167 A,5448 A, 5847 A, 6158 A,
6658 A, and 7054 A, as well as with the overall continuum. Agreement with the
8433 A and 8859 A lines is less satisfactory; however, this is consistent with
our past experience that these features are not well matched with the MARCS
models (Papers I and II). Nebular emission lines detected in the spectrum are
labeled here and include [N 1], [O 1], He, [N 1], and [S u]. The gaps in the
spectrum at ~6350 A and 7900 A are the result of gaps in the IMACS CCD
mosaic and do not interfere with our model fitting. The strong feature at 7600 A
is the telluric A band.

(2005) and Elias et al. (1986), the temperatures cited within
are not derived from the latter papers; instead, Ohnaka et al.
(2008) correlates the spectral type range of M5—7 with T
values of 3200-3400 K. Adopting the 3200 K T in their
radiative transfer modeling, and a distance to the LMC of 50 kpc,
they determine an My, of —8.9 (L/Lg = 2.8 X 10°) based on
radiative transfer modeling of the dusty torus around the star.
They also compute two-dimensional models with 7. = 3400 K
and find that this affects the resulting parameters very little
(Ohnaka et al. 2008). The final luminosity determined from this
modeling is a factor of 2 lower than Elias et al. (1986) and
van Loon et al.’s (2005) luminosities.
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4.2. Properties from Spectral Fitting

Based on the strengths of the TiO bands in our WOH
G64 optical spectrum, we assign a spectral type of M5 I by
comparison with other RSGs we have classified (Papers I and
II; Massey et al. 2009). This type confirms WOH G64 as the
latest-type RSG in the LMC, although it is considerably earlier
than the M7.5 types discussed in Elias et al. (1986) and van
Loon et al. (2005).

The observed SED for WOH G64 was compared to MARCS
stellar atmosphere models of metallicity Z/Z, = 0.5, cor-
responding to the metallicity of the LMC (Westerlund 1997;
Massey et al. 2004). The MARCS model SEDs available ranged
from 3000 to 4500 K in 100 K increments, and were interpo-
lated for intermediate temperatures at 25 K increments. The log
g values ranged from —1 to +1 in increments of 0.5 dex. When
fitting the models to the data, they were reddened adopting the
Cardelli et al. (1989) Ry = 3.1 reddening law.

The reddening and T, were determined by finding the best
by-eye fit between the MARCS models and the WOH G64 SED.
The reddening was based on the agreement between the model
and observed continuum, while T.¢ was based on the strengths
of the TiO bands at A16158,6658,7054 (Jaschek & Jaschek
1990), with the bluer TiO bands at AA5167,5448,5847 used as
secondary confirmations of the fit quality; this ensured that there
was minimal degeneracy in determining the best model fit. The
A8433 and 218859 TiO bands are present in the spectrum as well;
however, we have found in past work that these features are not
generally well matched by the MARCS models (see Papers I
and II). Considering WOH G64’s strong TiO band strengths and
corresponding late spectral type, our precision for this fit was
425 K. The extinction value Ay is determined to approximately
0.15 mag precision.

From fitting the 5000-9000 A optical spectrum, we find a
Tegr of 3400 &+ 25 K and Ay = 6.82 £ 0.15 mag, adopting
a log g value of —0.5 dex. Our best model fit is shown in
Figure 2, and alternative model fits demonstrating the precision
of these derived properties are shown in Figure 3. In order
to confirm that this is the appropriate log g value for WOH
G64, we must first determine the star’s radius, which in turn
requires calculation of the bolometric luminosity. While RSGs
in the LMC are known to be variable by up to a magnitude
or more in V (Levesque et al. 2007), their variability at K is
much smaller (~0.2 mag; Josselin et al. 2000). For this reason,
we determine the bolometric luminosity based on WOH G64’s
K magnitude. There are a number of K-band observations for
this star, including K; = 6.85 from Two Micron All Sky Survey
(2MASS), K = 6.85 from Buchanan et al. (2006), K = 6.88 from
Elias et al. (1986), and K = 6.91 from DENIS (Epchtein et al.
1997). The consistency of these magnitudes confirms that the K
magnitude of WOH G64 has stayed quite constant with time. We
adopt the 2MASS K, magnitude for this work, correcting K to
K by the relation K = K, +0.04 (Carpenter 2001) and adopting
an error of +0.2 mag (Josselin et al. 2000). We adopt the Teg-
dependent bolometric correction at K for the LMC (Paper II):

Tesr
BCx = 5.502 — 0.7392 . (1
1000 K

By taking these parameters, calculating Ay = 0.12 x Ay
(Schlegel et al. 1998), and adopting a distance modulus of 18.5
(50 kpc) for the LMC (van den Bergh 2000) with an error of

40.1 mag, we determine a physical log g of —0.7 £ 0.1 dex,
which agrees with our model surface gravity. With these values,
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Figure 3. Alternate fits of our spectrum of WOH G64 (black) with the MARCS
stellar atmosphere models (red), with the model T and Ay increased (top)
and decreased (bottom) by 50 K and 0.15 mag, respectively, as compared to
our best-fit parameters (center). It is clear in these fits that agreement across
all of the TiO bands is poorer for the top and bottom fits, with the 6658 A and
7054 A bands appearing too weak at a Tegr of 3450 K, and the 5847 A, 6158 A,
and 6658 A bands appearing too strong at a Tog of 3350 K. For the center fit,
agreement between the observed and model spectrum across all the TiO bands
is good. We interpolate this precision to +25 K and take this as the goodness of
our fit.

(A color version of this figure is available in the online journal.)

and taking My, o =4.74 (Bessell et al. 1998) we also determine
an Myo = —9.4+0.3 (log(L/Lg) = 5.65+0.14), or ~0.6 mag
more luminous than the value obtained by Ohnaka et al. (2008).
We also measure a radius of R/Rs = 1970, with an uncertainty



4748 LEVESQUE ET AL. Vol. 137
Table 1
Physical Parameters of WOH G64
Reference Spectral Type  Ter (K) Mol <log%) % Ay log g
Elias et al. (1986) M7.5 —9.6 (5.75) cee ~3
van Loon et al. (2005) M5, M7-8* 3008 —9.5(5.70) 2575 e
Ohnaka et al. (2008) e 3200° —8.9 (5.45) 1730 ~10d
Ohnaka et al. (2008) e 3400¢ —8.9 (5.45)¢ 1730°¢ 2 e
This work, (V—K)g colors M5 3372 —9.4 (5.65) 1990 6.82 —0.7
This work, spectral fitting M5 3400 —9.4 (5.65) 1970 6.82 —0.7
This work, final preferred parameters M5 3400 —8.9 (5.45) 1540 6.82 —0.5

Notes.

2 Different spectral types determined based on different measured line depths.

b Calculated based on listed Myo; and Tefy.

¢ Adopted based on previously assigned spectral types.

4 Formally 9.8 4 2.2, but the high value comes from assuming a blackbody distribution for the star with a low

Tefr; see the text.

¢ Adopted based on reportedly good agreement with parameters derived from 7. = 3200 K; Ohnaka et al. (2008).

of ~5%. While van Loon et al. (2005) mention some disparity
in spectral-type determinations between different TiO bands,
we find no such disagreement when assigning our spectral type
and Tegr.

4.3. Properties from (V — K)g

As a self-consistency check, we also determine these physical
properties based on the (V — K)y color of WOH G64, as we
have done in past papers (Papers I and II; Levesque et al. 2007;
Massey et al. 2009). For a Vmagnitude, we adopt V= 18.63 from
the MACHO photometric data (Allsman & Axelrod 2001). We
deredden the photometry using (V—K)y) = V—K —(0.88x Ay)
(Schlegel et al. 1998). From this, we find that (V — K)o for WOH
G64 is 5.74. In Paper II, we determined the theoretical relation
between T and (V — K)o based on the MARCS models and
the assumptions of Bessell et al. (1998) concerning the effective
broadband bandpasses, and found

Tesp = 7621.1 — 1737.74(V — K)o +241.762(V — K)}
— 11.8433(V — K)}. )

With these we determined a T of 3372 K. Once again
using the bolometric correction at K and Ax and propagating
our errors for these values, these numbers in turn produce a
logg = —0.7 £ 0.1 dex and My, = —9.4 £ 0.3 (log(L/Lg) =
5.65 £ 0.13). Based on these parameters, we also calculate a
radius of R/Ry = 1990 with an uncertainly of ~5%. This
shows excellent agreement between the parameters derived from
spectral fitting as compared to the (V — K)q colors.

The effective temperatures from both spectral fitting and
(V — K)o colors agree with the predictions of the T.s scale
for the LMC (Paper II); WOH G64 is the only M5 I RSG known
in the LMC, and this additional data point agrees nicely with
the general trend that the LMC T scale is ~50 K cooler than
the Galactic scale (the single M5 I RSG in the Milky Way, «
Her, has a T of 3450 K; Paper I).

The parameters determined from past work, our spectral
fitting, and our (V — K)( colors are summarized in Table 1,
where we also compare our values to those derived by others.

4.4. The Physical Parameters of WOH G64 and the H-R
Diagram

In our analysis of WOH G64, we find an unusually high
bolometric luminosity, My, = —9.4 (logL/Ls = 5.65)

compared to the other most luminous RSGs in the Magellanic
Clouds (Mp,; = —8.8). As shown in Table 1, our value is
consistent with that of Elias et al. (1986) and van Loon et al.
(2005), but about 0.5 mag more luminous than that found by
Ohnaka et al. (2008).

As is obvious from the large extinction, WOH G64 is
surrounded by a dense circumstellar envelope. If this envelope
were spherical, then the flux absorbed along the line of sight
would be re-radiated toward us in the NIR, but with an
asymmetrical circumstellar environment (either a torus or a
disk), we may receive more (or less) than what is absorbed. If we
adopt the geometrical model proposed by Ohnaka et al. (2008),
that we view a torus almost head on, then we are receiving more
flux form the combined system (star plus torus) than is being
absorbed. Based on Figure 5 in Ohnaka et al. (2008), we estimate
the torus contributes approximately 0.5 mag at K. In order to
derive the stellar flux, we then need to correct our My, derived
from K (—9.4) by this amount, and arrive at an My, = —8.9.
We list our final adopted parameters in Table 1.7

We believe our value for the extinction is to be preferred
over that of the Ohnaka et al. (2008) analysis, as they adopt a
blackbody flux distribution for the star. The use of a blackbody
overestimates the stellar flux in the optical, which leads to an
overestimate of the amount of attenuation required to reproduce
the observed data. In the end, though, our estimates for the
bolometric luminosities are in excellent agreement, as shown in
Table 1. Ohnaka et al. (2008) did adopt a somewhat lower T
than what we found (3200 K versus 3400 K), but fortuitously
they also applied their analysis with a 3400 K T,¢ and derive
essentially the same bolometric luminosity (K. Ohnaka 2009,
private communication).

With our determination of T = 3400 K and My, = —8.9,
we derive a stellar radius of 1540R . Given the minimum formal
errors (AT = 25 K and AMy, = 0.1 mag), the uncertainty
of the radius is 5%. This value of 1540Rg is significantly

7 Note that Humphreys et al. (2007) have argued that Massey et al. (2006)
have badly underestimated the actual luminosity of VY CMa, citing as the
“fundamental astrophysical basis” for their higher luminosity the integration of
the SED, most of which is re-radiated thermal emission from the dust around
the star. We note that the Massey et al. (2006) analysis could have been in error
if there were substantial gray absorption, i.e., if the circumstellar dust did not
follow a Cardelli et al. (1989) Ry = 3.1 reddening law, which is certainly a
possibility. However, it is also true that the argument by Humphreys et al.
(2007) rests on the unproven (and unstated) assumption of spherical symmetry
for the dust emission.
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4 3.8 3.6 3.4

log T,
Figure 4. Position of WOH G64 on the H-R diagram, based on the parameters
derived in van Loon et al. (2005) (filled pentagon), Ohnaka et al. (2008) (filled
square), and the parameters adopted in this paper (open star). The position
is compared to the locations of the LMC RSG population presented in Paper
II, as well as the evolutionary tracks of the Geneva group. Older, nonrotating
evolutionary tracks that include the effects of overshooting are shown as solid
lines and come from Schaerer et al. (1993); newer rotating evolutionary tracks,
when available, are shown as dotted lines and come from Meynet & Maeder
(2005). Lines of constant radius are shown by diagonal lines in the upper right.
It can be seen that our final parameters are in much better agreement with the
position of the other LMC RSGs, and assign WOH G64 a notable smaller radius,
although WOH G64 remains the coolest, largest, and most luminous RSG in the
LMC.

(A color version of this figure is available in the online journal.)

larger than the largest Magellanic Cloud stars (1240-1310R),
as expected from its cooler temperature and higher bolometric
luminosity. But, while the star may be a behemoth by Magellanic
Cloud standards, it is about the same size as the largest RSGs
we found in Milky Way (Paper I), where KW Sgr, Case 75, KY
Cyg, and  Cep all have essentially the same large radii as WOH
Go64.

In Figure 4, we show the position of the star in the H-R
diagram, compared to the location of the Geneva evolutionary
tracks. We have included too the locations of the star from
van Loon et al. (2005) and Ohnaka et al. (2008). We see that
the star is cooler than the evolutionary tracks allow, but that
other LMC stars also suffer from this problem; we agree with
the Ohnaka et al. (2008) conclusion that this star is on the edge
(or slightly to the right) of the Hayashi limit. The luminosity
is in good agreement with the prediction of stellar evolutionary
theory, and we see that the mass corresponding to this luminosity
is about 25 M, (note that although the masses labeled are the
stars’ initial masses, mass loss is expected to remove only a few
percent of a star’s mass during its earlier evolution for stars in
this mass range). Combined with our radius estimate, this leads
to a log g value of —0.5, consistent with the surface gravity
adopted in our fit (Section 4.2). Given the 5% uncertainty in the
radius, and adopting a 20% uncertainty in the mass, leads to an
uncertainty of 0.1 dex in log g.

5. EMISSION LINES IN THE WOH G64 SPECTRUM

Elias et al. (1986) report detection of [O 1] A630Q, He, [N 11]
16548, and [N 11] A6584 emission lines in their ~6 A resolution
spectrum of WOH G64, along with a tentative detection of [S 11]
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Figure 5. Nebular emission line detections in the blue (upper) and red (lower)
optical spectrum of WOH G64.

AA6717,6731 emission. Using the [O 1], Her, and [N 11] lines
they measure a radial velocity of 315 km s~!, which implies a
redshift compared to the 270-278 km s~! value found in the
maser analysis by Marshall et al. (2004) and our 294 km s~!
measurement from the Ca 11 lines (Section 3), given that the
Elias et al. (1986) value may have a zero-point error as large as
50km s~!. Given that the Elias et al. (1986) values have as much
as 50 km s~! zero-point error, the significance of this redshift
was not large, but we confirm the redshift below, using more
accurate measurements.

In the red part of our spectrum, we detect [O 1] A6300,
Hea, [N 11] 16548, [N 1] A6584, and [S 11] A6731 emission
(Figure 5(a)). The [S 1] 16717 doublet line is not measurable, as
its wavelength is coincident with one of the numerous absorption
features in our spectrum. In addition, we detect HB, [N 1]
AA5198,5200, and [O 11] AS007 emission in the bluer region
of the spectrum (Figure 5(b)). We also note that some of the TiO
band heads are in weak emission. This is also seen in at least one
other RSG with an extreme circumstellar environment, e.g., VY
CMa (Hyland et al. 1969; Wallerstein & Gonzalez 2001). The
lines are clearly spatially coincident with the stellar spectrum,
and there is no evidence of extended (nebular) emission in our
good seeing spectra. We would readily detect an extension of
0.3 pixels, corresponding to 0”33, or 0.08 pc at the distance
of the LMC. We have measured the radial velocities of the
emission lines by fitting Gaussians to them, and find an average
(heliocentric) value of 344 + 9 km s~!, where the error refers
to the standard deviation of the mean; radial velocities for each
of these features are given in Table 2. This value is significantly



4750 LEVESQUE ET AL.

Table 2
Emission Line Radial Velocities (RVs) and Fluxes

Line ID RV Observed Flux Corrected Flux
(kms™1) (erg em2s71) x 10715 (erg em2s7) x 10715
Hp 330 0.82 6.5
[O 1] 5007 306 0.24 1.7
[N 1] 5199/5202% .- 2.12 13.9
[O 1] 6300 336 1.53 6.7
[N 111] 6548 371 0.72 3.0
Ha 355 4.31 17.8
[N 11] 6584 385 4.86 20.0
[S ] 6731 326 1.59 6.3

Note. * Blend; no radial velocity calculated.

larger than 294 + 2 km s~! we measure for the star itself
(Section 3). It is possible that the redshift of these emission
lines can be explained in part by scattering of the spectrum
by an extended, expanding dust shell, a phenomenon that has
previously been observed and described in RSGs (Romanik &
Leung 1981, and references therein).

We measure the integrated fluxes of these emission lines,
and correct these values for extinction based on the Ha/HpB
emission line ratio, assuming the Balmer decrement for case
B recombination (He/HB = 2.87, following Osterbrock 1989)
and the Cardelli et al. (1989) reddening law. We calculate an
Ay = 1.90, very different than the value determined for the star
from our spectral fitting; however, it is not surprising that the
gas we observe has a net extinction that is lower than the star,
and this is in fact consistent with it forming in the outer part of
the dust shell. The observed and dereddened integrated fluxes
are included in Table 2.

With these dereddened fluxes, we are able to calculate sev-
eral common emission line diagnostic ratios, notable log([N 11]
A6584/Ho) = 0.05, log([O 1] A6300/Ha) = —0.42, and
log([O m] A5007/HB) = —0.58), and a lower limit of
log([S u]/Ha) = —0.45 (see Baldwin et al. 1981 for a detailed
discussion of these diagnostics). The value of the [O 1]/Hx ratio
is much higher than the minimum value at which [O 1] is con-
sidered “present,” defined in Baldwin et al. (1981) as log([O 1]
A6300/Ha) = —1.3. This high relative strength of the [O 1] line
implies that the dominant source of ionization is likely shock
heating. This is also implied by the relatively high lower limit
of the log([S n]/He) = —0.45 ratio in our spectrum (see, for
example, Allen et al. 1999, 2008), and we thank the anonymous
referee for pointing this out. However, this is not the only ex-
planation, as called to our attention in thoughtful comments by
N. Smith (2009, private communication) and P. Bennett (2009,
private communication). Bennett argues in particular that such
nebular emission is typical of VV Cep-like systems, i.e., formed
by ionization by a hot companion, but see discussion below.

We also find that nitrogen is highly enhanced in the nebula; if
we use the standard galaxy diagnostics of Pettini & Pagel (2004),
which rely upon a constant N/O ratio, we would derive a 12 +
log(O/H) = 8.9, considerably in excess of the 12 +
log(O/ H) = 8.4 that is typical of H 11 regions in the LMC
(Russell & Dopita 1990). But, far more likely is the possibility
that N is simply enhanced in this gas. Without other line diag-
nostics (such as [O 1] A3727, [O 111] A4363, or [S 1] L6717), we
lack a quantitative knowledge of the oxygen abundance, electron
density, and electron temperature. However, such N enrichment
is a signature of many shells and rings around massive stars,
such as Sher 25 (Brandner et al. 1997; Hendry et al. 2008). Sher
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25 is a blue supergiant, but is thought to be in a blue loop phase,
with the high N-enriched gas ejected during a prior evolution-
ary phase (Brandner et al. 1997; see also discussion in Smartt
et al. 2002; Hendry et al. 2008). Other such examples are also
known (Hunter et al. 2008). We note that [N 1] AA5198, 5200
is strongly present. Like the [O 1] 16300 line, this doublet is
also collisionally excited (Osterbrock 1989), and we take its
strength as further evidence of shocks and nitrogen enrichment,
consistent with the above.

6. DISCUSSION

We have used the MARCS stellar atmospheres and moderate-
resolution spectrophotometry and broadband photometry to
investigate the physical properties of the enigmatic supergiant
WOH G64. In addition, our study conclusively shows that the
star is a supergiant member of the LMC, rather than (say) an
unusual giant star in our own galaxy’s halo.

Our analysis finds an effective temperature of 3400 & 25 K,
considerably warmer than previous studies have adopted. With
our parameters from spectral fitting, and taking into account
the additional flux contribution at K from the asymmetric
circumstellar dust envelope as seen in Ohnaka et al. (2008),
we determine My, = —8.9 for WOH G64. While WOH G64
has previously been cited as having a T.s and My, that would
make it the largest RSG known, those parameters have also
placed it at odds with the position of the evolutionary tracks on
the H-R diagram. By contrast, our parameters place WOH G64
closer to the predictions of stellar evolutionary theory and in
good agreement with other RSGs in the LMC. We determine a
stellar radius of R/Rg = 1540 which, while still the largest in
the LMC, is now in good agreement with the size of other large
RSGs (~1420-1520 Rg; Paper I), given that such radii have
5% errors or larger.

The question still remains as to whether or not WOH G64
is a Levesque—Massey variable. Its extreme physical properties
and position on the H-R diagram are similar to those observed
in Levesque—Massey variables. However, there is currently no
evidence for spectral variability based on past observations;
spectra obtained by Elias et al. (1986), van Loon et al. (2005),
and this work all show WOH G64 remaining in a consistent,
cool, late-M-type state. The disagreement in type between M5
and M7-8 is almost certainly a result of differing methods
rather than changes in the spectrum. However, more frequent
observations of WOH G64 could well uncover variations in
its V magnitude and T.¢; data from the All Sky Automated
Survey (ASAS) project (Pojmanski 2002) demonstrate that the
star’s I magnitude shows considerable variability, but there is
no V- or K-band data available. On the other hand, the star’s
very high reddening, well-defined dusty torus, and considerable
maser activity would be unique among the Levesque—Massey
variables; these properties suggest WOH G64’s similarity to
the Milky Way’s VY CMa, as well as other dust-enshrouded
RSGs with maser activity such as NML Cyg, VX Sgr, and S Per
(Schuster et al. 2006).

Finally, we detect a number of emission lines in the WOH
G64 optical spectrum, including He and HgB, [O 1], [N 1], [S 11],
[N 1], and [O m1]. The radial velocity of these features, 344 +
9 km s~!, is considerably greater than the star’s radial velocity,
294 £ 2kms~!, which may be due to scattering by the expanding
dust region. We also note the presence of some TiO band heads in
emission. This has been previously seen in the spectrum of VY
CMa, which is due to the extreme circumstellar environment.
Inspection of our data shows that the emission is not spatially



No. 6, 2009

extended, and the strength of the [O 1] feature suggests that
the dominant source of ionization for these features is shock
heating.

We cannot reject the possibility that WOH G64 is a binary
system, with the nebular component contributed by a hot
companion, but we do not favor this interpretation. First is
the issue of the nebular radial velocities. We find a significant
(50 km s~ 1) velocity difference between the nebular emission
and the stellar component, and, at first blush, this might be
taken as an indication of binarity; i.e., with the nebula emission
(somehow) tracking the motion of the hot component. However,
a similar velocity was also noted by Elias et al. (1986). While
this could be a coincidence, it certainly does not argue in favor
of a binary hypothesis. Besides, in a short-period system we
would not expect the ionized gas to be “attached” to the hot
star. Rather, we prefer the explanation that the nebular redshift
is the result of scattering within the expanding dust shell. We
do note that if the putative hot companion shared the extinction
measured from the nebular lines, rather than that of the RSG,
its flux would dominate even in the red part of the spectrum,
which is clearly not the case. If instead the companion shared
the same high extinction as the RSG, but its H 11 region did not,
we would still expect that the companion would dominate the
flux in the blue part of the spectrum. A better spectrum going
further into the blue should be able to substantiate or refute
the possibility that a hot companion is present with the same
extinction, as a late O-type dwarf would have a bolometric
luminosity of logL/Lg ~ 5 (Myy ~ —7.5). Accounting for
the bolometric corrections involved would lead to My = —4
for the companion, and —6 for the RSG. Thus, at B, the two stars
would be equally bright, as (B — V)y ~ —0.3 for a late-type O
star, while B — V ~ 2 for an RSG (see Massey 1998a, 1998b;
Paper I). However, further investigation into the source of these
emission lines will likely require further spectral analyses, as
well as observations of WOH G64 in the bluer regions of the
spectrum.

We gratefully acknowledge LCO’s hospitality and assistance
provided during our observations for this paper. This paper
made use of data from the 2MASS, which is a joint project
of the University of Massachusetts and the Infrared Processes
and Analysis Center, California Institute of Technology, funded
by the National Aeronautics and Space Administration and the
National Science Foundation. We thank Phil Bennett, George
Herbig, Deirdre Hunter, Eric Josselin, Scott Kenyon John
Monnier, Keiichi Ohnaka, Nathan Smith, Jacco van Loon,
George Wallerstein, and the anonymous referee for helpful com-
ments and discussion regarding this manuscript. E.L.’s participa-
tion was made possible in part by a Ford Foundation Predoctoral
Fellowship. This work was supported by the National Science
Foundation through AST-0604569 to P.M.

REFERENCES

Allen, M. G., Dopita, M. A., Tsvetanov, Z. I., & Sutherland, R. S. 1999, ApJ,
511, 686

Allen, M. G., Groves, B. A., Dopita, M. A., Sutherland, R. S., & Kewley, L. J.
2008, ApJS, 178, 20

Allsman, R. A., & Axelrod, T. S. (for the MACHO Collaboration) 2001,
arXiv:astro-ph/0108444

Baldwin, J. A., Phillips, M. M., & Terlevich, R. 1981, PASP, 93, 5

Bessell, M. S., Castelli, F., & Plez, B. 1998, A&A, 333, 231

Brandner, W., Grebel, E. K., Chu, Y.-H., & Weis, K. 1997, AplJ, 475, 45

Buchanan, C. L., et al. 2006, AJ, 132, 1890

Cardelli, J. A., Clayton, G. C., & Mathis, J. S. 1989, ApJ, 345, 245

PHYSICAL PROPERTIES OF WOH G64 4751

Carpenter, J. M. 2001, AJ, 121, 2851

Choi, Y. K., et al. 2008, PASJ, 60, 1007

Conti, P. S., Garmany, C. D., & Massey, P. 1986, AJ, 92, 48

Elias, J. H., Frogel, J. A., & Schwering, P. B. 1986, ApJ, 302, 679

Epchtein, N., et al. 1997, Messenger, 87, 27

Fluks, M. A, et al. 1994, A&AS, 105, 311

Gustafsson, B., Bell, R. A., Eriksson, K., & Nordlund, A. 1975, A&A, 42, 407

Gustafsson, B., Edvardsson, B., Eriksson, K., Jorgensen, U. G., Nordlund, A,
& Plez, B. 2008, A&A, 486, 951

Gustafsson, B., Edvardsson, B., Eriksson, K., Mizumo-Wiedner, M., Jorgensen,
U.G., &Plez, B. 2003, in ASP Conf. Ser. 288, Stellar Atmosphere Modeling,
ed. I. Hubeny, D. Mihalas, & K. Werner (San Francisco, CA: ASP), 331

Hamuy, M., Suntzeff, N. B., Heathcote, S. R., Walker, A. R., Gigoux, P., &
Phillips, M. M. 1994, PASP, 106, 566

Hayashi, C., & Hoshi, R. 1961, PAS]J, 13, 552

Hendry, M. A., et al. 2008, MNRAS, 388, 1127

Humphreys, R. M., Davidson, K., Ruch, G., & Wallerstein, G. 2005, AJ, 129,
492

Humphreys, R. M., Helton, A. L., & Jones, T. J. 2007, AJ, 133, 2716

Hunter, L., et al. 2008, ApJ, 676, L29

Hyland, A. R., Becklin, E. E., Neugebauer, G., & Wallerstein, G. 1969, ApJ,
158, 619

Ivezié, Z., Nenkova, M., & Elitzur, M. 1999, User Manual for DUSTY, Univ.
of Kentucky Internal Report

Jaschek, C., & Jaschek, M. 1990, The Classification of Stars (Cambridge:
Cambridge Univ. Press)

Josselin, E., Blommaert, J. A. D. L., Groenewegen, M. A. T., Omont, A., & Li,
F. L. 2000, A&A, 357, 225

Kim, S., Staveley-Smith, L., Dopita, M. A., Sault, R. J., Freeman, K. C., Lee,
Y., & Chu, Y.-H. 2003, ApJS, 148, 473

Le Sidaner, P., & Le Bertre, T. 1996, A&A, 314, 896

Levesque, E. M., Massey, P., Olsen, K. A. G., Plez, B., Josselin, E., Maeder, A.,
& Meynet, G. 2005, ApJ, 628, 973

Levesque, E. M., Massey, P., Olsen, K. A. G., Plez, B., Josselin, E., Maeder, A.,
& Meynet, G. 2006, ApJ, 645, 1102

Levesque, E. M., Massey, P., Olsen, K. A. G., & Plez, B. 2007, Apl, 667,
202

Lucke, P. B., & Hodge, P. W. 1970, AJ, 75, 171

Marshall, J. R., et al. 2004, MNRAS, 355, 1348

Massey, P. 1998a, in The Stellar Initial Mass Function, 38th Herstmonceux
Conference, ed. G. Howell & D. Gilmore (San Francisco, CA: ASP), 17

Massey, P. 1998b, in Stellar Astrophysics for the Local Group, ed. A. Aparicio,
A. Herrero, & F. Sanchez (Cambridge: Cambridge Univ. Press), 95

Massey, P. 2002, ApJS, 141, 81

Massey, P., Bresolin, F., Kudritzki, R. P., Puls, J., & Pauldrack, A. W. A.
2004, ApJ, 608, 1001

Massey, P., Levesque, E. M., Olsen, K. A. G., Plez, B., & Skiff, B. A. 2007, ApJ,
660, 301

Massey, P., Levesque, E. M., & Plez, B. 2006, ApJ, 646, 1203

Massey, P., Levesque, E. M., Plez, B., & Olsen, K. A. G. 2008, in IAU Symp.
250, Massive Stars as Cosmic Engines, ed. F. Bresolin et al. (Cambridge:
Cambridge Univ. Press), 97

Massey, P., & Olsen, K. A. G. 2003, AJ, 126, 2867

Massey, P., Silva, D. R., Levesque, E. M., Plez, B., Clayton, G. C., Meynet, G.,
& Maeder, A. 2009, ApJ, submitted

Meynet, G., & Maeder, A. 2005, A&A, 429, 581

Monnier, J. D., Tuthill, P. G., Lopez, B., Cruzalebes, P., Danchi, W. C., & Haniff,
C. A. 1999, ApJ, 512, 351

Ohnaka, K., Driebe, T., Hoffman, K.-H., Weigelt, G., & Wittkowski, M.
2008, A&A, 484,371

Olsen, K. A. G., & Massey, P. 2007, ApJ, 656, L61

Osterbrock, D. E. 1989, Astrophysics of Gaseous Nebulae and Active Galactic
Nuclei (Mill Valley: Univ. Science Books)

Pettini, M., & Pagel, B. E. J. 2004, MNRAS, 348, L59

Plez, B. 2003, in ASP Conf. Ser. 298, GAIA Spectroscopy: Science and
Technology, ed. U. Munari (San Francisco, CA: ASP), 189

Plez, B., Brett, J. M., & Nordlund, A. 1992, A&A, 256, 551

Pojmanski, G. 2002, Acta Astron., 52, 397

Roche, P. F,, Aitken, D. K., & Smith, C. H. 1993, MNRAS, 262, 301

Romanik, C. J., & Leung, C. M. 1981, AplJ, 246, 935

Russell, S. C., & Dopita, M. A. 1990, ApJS, 84, 93

Schaerer, D., Meynet, G., Maeder, A., & Schaller, G. 1993, A&AS, 98,
523

Schlegel, D. J., Finkbeiner, D. P., & Davis, M. 1998, ApJ, 500, 525

Schuster, M. T., Humphreys, R. M., & Marengo, M. 2006, AJ, 131,
603


http://dx.doi.org/10.1086/306718
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...511..686A
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...511..686A
http://dx.doi.org/10.1086/589652
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJS..178...20A
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJS..178...20A
http://www.arxiv.org/abs/astro-ph/0108444
http://dx.doi.org/10.1086/130766
http://adsabs.harvard.edu/cgi-bin/bib_query?1981PASP...93....5B
http://adsabs.harvard.edu/cgi-bin/bib_query?1981PASP...93....5B
http://adsabs.harvard.edu/cgi-bin/bib_query?1998A
elax &A...333..231B
http://adsabs.harvard.edu/cgi-bin/bib_query?1998A
elax &A...333..231B
http://dx.doi.org/10.1086/310460
http://adsabs.harvard.edu/cgi-bin/bib_query?1997ApJ...475L..45B
http://adsabs.harvard.edu/cgi-bin/bib_query?1997ApJ...475L..45B
http://dx.doi.org/10.1086/507329
http://adsabs.harvard.edu/cgi-bin/bib_query?2006AJ....132.1890B
http://adsabs.harvard.edu/cgi-bin/bib_query?2006AJ....132.1890B
http://dx.doi.org/10.1086/167900
http://adsabs.harvard.edu/cgi-bin/bib_query?1989ApJ...345..245C
http://adsabs.harvard.edu/cgi-bin/bib_query?1989ApJ...345..245C
http://dx.doi.org/10.1086/320383
http://adsabs.harvard.edu/cgi-bin/bib_query?2001AJ....121.2851C
http://adsabs.harvard.edu/cgi-bin/bib_query?2001AJ....121.2851C
http://adsabs.harvard.edu/cgi-bin/bib_query?2008PASJ...60.1007C
http://adsabs.harvard.edu/cgi-bin/bib_query?2008PASJ...60.1007C
http://dx.doi.org/10.1086/114133
http://adsabs.harvard.edu/cgi-bin/bib_query?1986AJ.....92...48C
http://adsabs.harvard.edu/cgi-bin/bib_query?1986AJ.....92...48C
http://dx.doi.org/10.1086/164028
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...302..675E
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...302..675E
http://adsabs.harvard.edu/cgi-bin/bib_query?1997Msngr..87...27E
http://adsabs.harvard.edu/cgi-bin/bib_query?1997Msngr..87...27E
http://adsabs.harvard.edu/cgi-bin/bib_query?1994A
elax &AS..105..311F
http://adsabs.harvard.edu/cgi-bin/bib_query?1994A
elax &AS..105..311F
http://adsabs.harvard.edu/cgi-bin/bib_query?1975A
elax &A....42..407G
http://adsabs.harvard.edu/cgi-bin/bib_query?1975A
elax &A....42..407G
http://dx.doi.org/10.1051/0004-6361:200809724
http://adsabs.harvard.edu/cgi-bin/bib_query?2008A
elax &A...486..951G
http://adsabs.harvard.edu/cgi-bin/bib_query?2008A
elax &A...486..951G
http://adsabs.harvard.edu/cgi-bin/bib_query?2003sam..conf..331G
http://dx.doi.org/10.1086/133417
http://adsabs.harvard.edu/cgi-bin/bib_query?1994PASP..106..566H
http://adsabs.harvard.edu/cgi-bin/bib_query?1994PASP..106..566H
http://dx.doi.org/10.1111/j.1365-2966.2008.13347.x
http://adsabs.harvard.edu/cgi-bin/bib_query?2008MNRAS.388.1127H
http://adsabs.harvard.edu/cgi-bin/bib_query?2008MNRAS.388.1127H
http://dx.doi.org/10.1086/426565
http://adsabs.harvard.edu/cgi-bin/bib_query?2005AJ....129..492H
http://adsabs.harvard.edu/cgi-bin/bib_query?2005AJ....129..492H
http://dx.doi.org/10.1086/517609
http://adsabs.harvard.edu/cgi-bin/bib_query?2007AJ....133.2716H
http://adsabs.harvard.edu/cgi-bin/bib_query?2007AJ....133.2716H
http://dx.doi.org/10.1086/587436
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...676L..29H
http://adsabs.harvard.edu/cgi-bin/bib_query?2008ApJ...676L..29H
http://dx.doi.org/10.1086/150224
http://adsabs.harvard.edu/cgi-bin/bib_query?1969ApJ...158..619H
http://adsabs.harvard.edu/cgi-bin/bib_query?1969ApJ...158..619H
http://adsabs.harvard.edu/cgi-bin/bib_query?2000A
elax &A...357..225J
http://adsabs.harvard.edu/cgi-bin/bib_query?2000A
elax &A...357..225J
http://dx.doi.org/10.1086/376980
http://adsabs.harvard.edu/cgi-bin/bib_query?2003ApJS..148..473K
http://adsabs.harvard.edu/cgi-bin/bib_query?2003ApJS..148..473K
http://adsabs.harvard.edu/cgi-bin/bib_query?1996A
elax &A...314..896L
http://adsabs.harvard.edu/cgi-bin/bib_query?1996A
elax &A...314..896L
http://dx.doi.org/10.1086/430901
http://adsabs.harvard.edu/cgi-bin/bib_query?2005ApJ...628..973L
http://adsabs.harvard.edu/cgi-bin/bib_query?2005ApJ...628..973L
http://dx.doi.org/10.1086/504417
http://adsabs.harvard.edu/cgi-bin/bib_query?2006ApJ...645.1102L
http://adsabs.harvard.edu/cgi-bin/bib_query?2006ApJ...645.1102L
http://dx.doi.org/10.1086/520797
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...667..202L
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...667..202L
http://dx.doi.org/10.1086/110959
http://adsabs.harvard.edu/cgi-bin/bib_query?1970AJ.....75..171L
http://adsabs.harvard.edu/cgi-bin/bib_query?1970AJ.....75..171L
http://dx.doi.org/10.1111/j.1365-2966.2004.08417.x
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.355.1348M
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.355.1348M
http://dx.doi.org/10.1086/338286
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJS..141...81M
http://adsabs.harvard.edu/cgi-bin/bib_query?2002ApJS..141...81M
http://dx.doi.org/10.1086/420766
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...608.1001M
http://adsabs.harvard.edu/cgi-bin/bib_query?2004ApJ...608.1001M
http://dx.doi.org/10.1086/513182
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...660..301M
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...660..301M
http://dx.doi.org/10.1086/505025
http://adsabs.harvard.edu/cgi-bin/bib_query?2006ApJ...646.1203M
http://adsabs.harvard.edu/cgi-bin/bib_query?2006ApJ...646.1203M
http://adsabs.harvard.edu/cgi-bin/bib_query?2008IAUS..250...97M
http://dx.doi.org/10.1086/379558
http://adsabs.harvard.edu/cgi-bin/bib_query?2003AJ....126.2867M
http://adsabs.harvard.edu/cgi-bin/bib_query?2003AJ....126.2867M
http://dx.doi.org/10.1051/0004-6361:20047106
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A
elax &A...429..581M
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A
elax &A...429..581M
http://dx.doi.org/10.1086/306761
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...512..351M
http://adsabs.harvard.edu/cgi-bin/bib_query?1999ApJ...512..351M
http://dx.doi.org/10.1051/0004-6361:200809469
http://adsabs.harvard.edu/cgi-bin/bib_query?2008A
elax &A...484..371O
http://adsabs.harvard.edu/cgi-bin/bib_query?2008A
elax &A...484..371O
http://dx.doi.org/10.1086/512484
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...656L..61O
http://adsabs.harvard.edu/cgi-bin/bib_query?2007ApJ...656L..61O
http://dx.doi.org/10.1111/j.1365-2966.2004.07591.x
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.348L..59P
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.348L..59P
http://adsabs.harvard.edu/cgi-bin/bib_query?2003ASPC..298..189P
http://adsabs.harvard.edu/cgi-bin/bib_query?1992A
elax &A...256..551P
http://adsabs.harvard.edu/cgi-bin/bib_query?1992A
elax &A...256..551P
http://adsabs.harvard.edu/cgi-bin/bib_query?2002AcA....52..397P
http://adsabs.harvard.edu/cgi-bin/bib_query?2002AcA....52..397P
http://adsabs.harvard.edu/cgi-bin/bib_query?1993MNRAS.262..301R
http://adsabs.harvard.edu/cgi-bin/bib_query?1993MNRAS.262..301R
http://dx.doi.org/10.1086/158986
http://adsabs.harvard.edu/cgi-bin/bib_query?1981ApJ...246..935R
http://adsabs.harvard.edu/cgi-bin/bib_query?1981ApJ...246..935R
http://dx.doi.org/10.1086/191494
http://adsabs.harvard.edu/cgi-bin/bib_query?1990ApJS...74...93R
http://adsabs.harvard.edu/cgi-bin/bib_query?1990ApJS...74...93R
http://adsabs.harvard.edu/cgi-bin/bib_query?1993A
elax &AS...98..523S
http://adsabs.harvard.edu/cgi-bin/bib_query?1993A
elax &AS...98..523S
http://dx.doi.org/10.1086/305772
http://adsabs.harvard.edu/cgi-bin/bib_query?1998ApJ...500..525S
http://adsabs.harvard.edu/cgi-bin/bib_query?1998ApJ...500..525S
http://dx.doi.org/10.1086/498395
http://adsabs.harvard.edu/cgi-bin/bib_query?2006AJ....131..603S
http://adsabs.harvard.edu/cgi-bin/bib_query?2006AJ....131..603S

4752 LEVESQUE ET AL. Vol. 137

van Loon, J. Th., te Lintel Hekkert, P., Bujarrabal, V., Zijlstra, A. A., & Nyman,

L.-A. 1998, A&A, 337, 141 .
van Loon, J. Th., Zijlstra, A. A., Bujarrabal, V., & Nyman, L.-A. 1996, A&A,

Smartt, S. J., Lennon, D. J., Kudritzki, R. P., Rosales, F., Ryans, R. S. L., &
Wright, N. 2002, A&A, 391, 979
Smith, N. 2004, MNRAS, 349, L31
Smith, N., Humphreys, R. M., Davidson, K., Gehrz, R. D., Schuster, M. T., & 306, L29
Krautter, J. 2001, AJ, 121, 1111 van Loon, J. Th., Zijlstra, A. A., Bujarrabal, V., & Nyman, L-A. 2001, A&A,
Staveley-Smith, L., Kim, S., Calabretta, M. R., Haynes, R. F.,, & Kesteven, 368, 950
M. J. 2003, MNRAS, 339, 87 Wallerstein, G., & Gonzalez, G. 2001, PASP, 113, 954
van den Bergh, S. 2000, The Galaxies of the Local Group (Cambridge: Westerlund, B. E. 1997, The Magellanic Clouds (Cambridge: Cambridge Univ.
Cambridge Univ. Press) Press)
van Loon, J. Th., Cioni, M.-R. L., Zijlstra, A. A., & Loup, C. 2005, A&A, 438, Westerlund, B. E., Olander, N., & Hedin, B. 1981, A&AS, 43, 267
273 Wood, P. R., Bessell, M. S., & Whiteoak, J. B. 1986, ApJ, 306, L81


http://dx.doi.org/10.1051/0004-6361:20020829
http://adsabs.harvard.edu/cgi-bin/bib_query?2002A
elax &A...391..979S
http://adsabs.harvard.edu/cgi-bin/bib_query?2002A
elax &A...391..979S
http://dx.doi.org/10.1111/j.1365-2966.2004.07718.x
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.349L..31S
http://adsabs.harvard.edu/cgi-bin/bib_query?2004MNRAS.349L..31S
http://dx.doi.org/10.1086/318748
http://adsabs.harvard.edu/cgi-bin/bib_query?2001AJ....121.1111S
http://adsabs.harvard.edu/cgi-bin/bib_query?2001AJ....121.1111S
http://dx.doi.org/10.1046/j.1365-8711.2003.06146.x
http://adsabs.harvard.edu/cgi-bin/bib_query?2003MNRAS.339...87S
http://adsabs.harvard.edu/cgi-bin/bib_query?2003MNRAS.339...87S
http://dx.doi.org/10.1051/0004-6361:20042555
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A
elax &A...438..273V
http://adsabs.harvard.edu/cgi-bin/bib_query?2005A
elax &A...438..273V
http://adsabs.harvard.edu/cgi-bin/bib_query?1998A
elax &A...337..141V
http://adsabs.harvard.edu/cgi-bin/bib_query?1998A
elax &A...337..141V
http://adsabs.harvard.edu/cgi-bin/bib_query?1996A
elax &A...306L..29V
http://adsabs.harvard.edu/cgi-bin/bib_query?1996A
elax &A...306L..29V
http://dx.doi.org/10.1051/0004-6361:20010052
http://adsabs.harvard.edu/cgi-bin/bib_query?2001A
elax &A...368..950V
http://adsabs.harvard.edu/cgi-bin/bib_query?2001A
elax &A...368..950V
http://dx.doi.org/10.1086/322920
http://adsabs.harvard.edu/cgi-bin/bib_query?2001PASP..113..954W
http://adsabs.harvard.edu/cgi-bin/bib_query?2001PASP..113..954W
http://adsabs.harvard.edu/cgi-bin/bib_query?1981A
elax &AS...43..267W
http://adsabs.harvard.edu/cgi-bin/bib_query?1981A
elax &AS...43..267W
http://dx.doi.org/10.1086/184710
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...306L..81W
http://adsabs.harvard.edu/cgi-bin/bib_query?1986ApJ...306L..81W

	1. INTRODUCTION
	2. OBSERVATIONS
	3. MEMBERSHIP IN THE LMC
	4. PHYSICAL PROPERTIES
	4.1. Previous Work
	4.2. Properties from Spectral Fitting
	4.3. Properties from
	4.4. The Physical Parameters of WOH G64 and the H–R Diagram

	5. EMISSION LINES IN THE WOH G64 SPECTRUM
	6. DISCUSSION
	REFERENCES

