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Abstract. On the basis of sub-arcsecond imaging ob-
tained at the ESO NTT with SUSI and the ESO ADONIS
adaptive optics system at the 3.6 m telescope, we resolve
and study the core components of the LMC OB associa-
tion LH 39. The central star of the association, the rare
transition object R 84, is also investigated using CASPEC
echelle spectroscopy at the ESO 3.6 m telescope. A new,
powerful image restoration code that conserves the fluxes
allows us to obtain the magnitudes and colors of the com-
ponents. We bring out some 30 stars in a ~ 16”x16"” area
centered on R84. At a resolution of 0719 (FWHM), the
closest components to R84 are shown to be stars #21
and #7 lying at 1”71 NW and 1”77 NW respectively of
the transition star. The former is possibly a blue star of
V =16.7 mag and the latter with its V =17.5 mag is the
reddest star of the field, after R 84. Star #7 turns out
to be too faint to correspond to the red M2 supergiant
previously reported to contaminate the spectrum of R 84.
If the late-type spectrum is due to a line-of-sight super-
giant with a luminosity comparable to R 84, it should lie
closer than 0”12 to R 84. The transition star shows spec-
tral variability between 1982 and 1991. We also note some
slight radial velocity variations of the Of emission lines
over timescales of several years. Furthermore, we derive
the spectral types of two of the brightest stars of the clus-
ter, using long slit spectra obtained at the NTT telescope
equipped with EMMI, and discuss the apparent absence
of O type stars in this association.
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1. Introduction

In spite of considerable advance achieved in the past
decade on the formation and evolution of massive stars,
the evolutionary sequence, between O and Wolf-Rayet
(W-R) stars, is still far from being established. Of prime
importance for this topic is the investigation of a very
small family of objects, the so-called Ofpe/WN9 transi-
tion stars, which seems to hold the keys for better un-
derstanding the physical characteristics of several mas-
sive star subclasses populating the upper part of the H-R
diagram. Ofpe/WN9 stars show the spectral features of
both emission-line O stars and the later W-R types of
the nitrogen sequence, i.e. a combination of high- (He1
and N11) and low- (Her and N1I) excitation emission
features. The designation Ofpe/WN9 underlines the dif-
ficulty in distinguishing between these two subclasses.
In fact, these stars were given either Olafpe or WN9—
10 classifications by Walborn ([1983) but were later re-
vised to Ofpe/WN9 by Bohannan & Walborn ([989). Re-
cently, three of the Magellanic Cloud “slash” stars (R 84,
BE 381, and HDE 269927¢) have been reclassified as WN9
by Crowther et al. ([997).

Anyhow, one of the most important aspects of these
upper H-R diagram objects is their close link with the
Luminous Blue Variable (LBV) phenomenon (Stahl et al.
[983) which, according to current massive star evolution-
ary models (Maeder [L98d, Langer et al. [[994) represents
a short stage in the evolution of O stars initially more
massive than 60 Mg before the advent of the Wolf-Rayet
phase. In fact Ofpe/WN9 stars have been described as
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quiescent LBVs (Bohannan & Walborn [1989, Crowther
et al. ).

At present, only 10 massive transition stars are
known in the LMC (Bohannan & Walborn [[989). This
small group should be investigated from every angle in or-
der to gain insight into their status. For example, the stel-
lar environment of these stars and their possible belonging
to a massive star cluster deserves consideration. This new
approach to the study of the so-called Ofpe/WN9 stars
will be applied in this paper to R 84 (Feast et al. ) On
the basis of sub-arcsecond images in the U, B, V, R and
the near infrared H and K bands, we will try to resolve
R 84 and its neighborhood. Furthermore, we will, for the
first time, give accurate photometry of the unknown re-
solved components. R 84 is of particular interest since it is
the only star of this class showing the signature of a late-
type companion in its red and infrared spectroscopy and
photometry (Allen & Glass , Wolf et al. , McGre-
gor et al. ) Presently, we do not know whether the red
companion, classified by Cowley & Hutchings () as an
M2 supergiant, is physically related to the Ofpe/WN9 or
their association is just a line-of-sight effect.

R84 has several other designations, mainly:
HDE 269227 (Henry Draper (Extension) catalog), Brey 18
(Breysacher ), Sk—69°79 (Sanduleak ), S91
(Henize [L95d), WS 12 (Smith ) It lies in the cen-
tral part of the OB association LH39 (Lucke & Hodge
1970, star #12) towards the southern edge of the bar. In
this direction is also situated the LMC weak, filamentary
Ha nebulosity DEM 110 (Davies et al. [[976). Feast et al.
(1196() classified it as Pec(uliar). Later, it got other classi-
fications, as follows: WN8 (Smith , Olafpe (Walborn
[[977), WN9-10 (Walborn [1989), Ofpe/WN9 (Bohannan
& Walborn [1989), WN9 (Crowther et al. [[999). The star
has been found to show significant brightness and color
variations (Stahl et al. ) as well as moderate spec-
troscopic variability in Hy and He1A4471 (Stahl et al.
[[987). A detailed spectral analysis of R84 was presented
by Schmutz et al. ([991)) using the observations of Stahl et
al. ([[985). On the basis of a non-LTE model for a spher-
ically expanding atmosphere, which was the first of the
kind for an Ofpe/WN9 star, they derived the stellar pa-
rameters of R 84. Hydrogen was found to be very depleted
and it was found that R 84 had lost about half of its ini-
tial mass, and was probably a post-red supergiant. Re-
cently Crowther et al. ([199), using an independent model
but the same set of data, have confirmed Schmutz et al.’s

([L991) findings.

2. Observations and data reduction
2.1. Sub-arcsecond imaging and deconvolution photometry

R 84 was observed using the ESO New Technology Tele-
scope (NTT) during two runs. The best images were taken
on 1991 December 26 using the SUperb Seeing Imager

(SUSI) which functions with an active optics system (see
ESO Web site for more information). The observing condi-
tions were excellent with the seeing varying between 0”50
and 0”80 (FWHM). The detector was a Tektronix CCD
(#25) with 10242 pixels of 24 ym. The filters used (their
ESO numbers, central wavelengths, bandwidths), the ex-
posure times, the dates, and the pixel size on the sky are
summarized in Table 1.
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Fig. 1. An R image of R84 obtained using NTT+SUSI. Raw
image with a resolution of 0”50 (FwHM). Field ~ 27"x 27" Ex-
posure time 1sec. North is at the top and east to the left. Only
the brighter components are labelled.

Previously, NTT was used on 1990 January 10, dur-
ing the commissioning period of the telescope, when it was
equipped with EFOSC2. The detector was a Tektronix
CCD (#16) with 5122 pixels of 27 um. The seeing var-
ied between 0”60 and 075 (FWHM). Table 1 gives more
information on the images.

Additional observations were carried out on 1988
August 31 at the ESO 2.2m telescope using the adapter
for direct imaging. The detector was an RCA CCD chip
(#8) with 1024 x 640 pixels of 15 pm size. The seeing
conditions were poor, ~ 1”3 (FwHM). However, the com-
parison of these 2.2 m observations with those obtained at
the NTT telescope was very useful for checking the decon-
volution code.

The data were all bias substracted and flat-fielded.
Only the image in the U band could not be flat-fielded,
because of the too low S/N ratio of the flat-fields. On the
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Table 1. Journal of the imaging observations

Filter ESO A AX Expoure Date Pixel Telescope + Instrument
# @A) (A) (sec.) ()

U 631  3544.8 537.6 180.0 1990 Jan 10  0.146 NTT + EFOSC2
B 639  4340.8 1012.0 2.0 1991 Dec 26  0.128 NTT + SUSI

B 583  4399.8 941.9 15.0 1990 Jan 10  0.146 NTT + EFOSC2
B 445 4334.7 1017.0 30.0 1988 Aug 31 0.176 2.2m+ Adapter
%4 641  5475.3 1130.2 1.0 1991 Dec 26  0.128 NTT + SUSI

\% 584  5476.3 1131.9 15.0 1990 Jan 10  0.146 NTT + EFOSC2
\% 446  5446.5 1168.9 20.0 1988 Aug 31 0.176 2.2m+ Adapter
R 642 64372 1656.9 1.0 1991 Dec 26  0.128 NTT + SUSI

R 447  6483.8 1632.6 20.0 1988 Aug 31 0.176 2.2m+ Adapter
H 12x20.0 1995 Aug 20 0.050 3.6m+ ADONIS
H 100 x 3.0 1995 Dec 31  0.050 3.6 m + ADONIS
K 30x20.0 1995 Aug 20 0.050 3.6 m+ ADONIS
K 30x20.0 1995 Dec 31  0.050 3.6m+ ADONIS

other hand, the SUSI CCD produced some non-Gaussian
noise in the images but at a very low level, negligible at the
S/N ratio of the stars studied here. Since R84 is a very
bright object, it was not always possible to avoid satu-
ration, especially on our good seeing observations. These
are the SUSI R image which had 20 saturated pixels over
R 84, and the EFOSC2 V image with 10 saturated pixels.
We, therefore, used the observations of the other runs to
check the results.

The photometry of the objects in the field of R 84
was carried out with a new deconvolution algorithm al-
lowing not only to improve the spatial resolution of the
images, but also to obtain reliable astrometric and photo-
metric measurements of the stars. A full description of the
method is given in Magain et al. (1997). The principle of
that method is to avoid deconvolving with the total Point
Spread Function (PSF), which would aim at obtaining in-
finite resolution. Rather, the new deconvolution allows to
obtain an image with a better (but not infinitely narrow)
PSF, basically chosen by the user.

In the case of R84, the final PSF is chosen to be
a Gaussian with a FWHM of 3 pixels, the final pixel size
being two times smaller than the original data pixels. The
flux calibration was performed on the basis of the UBVR
photometry carried out by Stahl et al (L984) in August
1983 using a diaphragm of 15” in diameter. This is basi-
cally the size of the field we use for the deconvolution. The
integrated magnitudes are therefore re-distributed over all
the components found.

Starting with a SUSI R image of seeing 0”50
(FwHM) presented in Fig. 1, we get a restored image of
R84 with a final resolution of 0”19 (FWHM), which is dis-
played in Fig. 2. We detect 31 components around R 84
over a ~ 16"”x 16" area. Owing to the high resolution of

the images, for the first time we bring out stars #2, #4,
and more especially #21 and #7 in the immediate vicin-
ity of R84 as well as the brighter components #34 and
#35 lying further away to the south. Among the stars
for which we have color indices, there are three red stars,
R84, #7, and #34. We will discuss about R 84, and #7
in Sect. 6. A prominent feature of R 84 is that it turns up
to be the reddest star of the field. The photometric and
astrometric results are summarized in Table 2. Note that
the magnitudes of stars # 34 to #38 were obtained by
aperture photometry.

Despite the impression of perfection first felt when
looking at the deconvolved images, one has to remember
that it is a model of the reality constructed from imperfect
data. If the PSF used for the deconvolution is derived
from stars as bright as the object to deconvolve, Magain
et al. have shown that the photometry of the point
sources is basically photon noise limited even in the case of
rather strong blends (e.g. two stars as close as one FWHM).
However, in the data of R84 there are some additional
error sources in the astrometry and photometry: 1) the
PSF is constructed on stars at least five times fainter than
R 84; 2) R84 itself is often saturated, sometimes heavily.
Even if for most of the objects in the field of R84 the
only limitation to the photometric accuracy is the photon
noise, the effect of an imperfect representation of the PSF
is not negligible within a radius of 1” of R 84.

The PSF was constructed from 2 to 4 stars closer
than 1’ from R 84, in order to avoid any possible PSF vari-
ation across the field. In this small area, no star as bright
as R84 is available, especially in the red. In particular,
the far wings of the PSF, as well as the diffraction spikes,
are not modelled accurately enough for a perfect decon-
volution of R84 itself, and this affects the photometry
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Table 2. Photometry of the core of LH 39 on the basis of deconvolved images. Star #1 is R 84

Star U B B B \% \% \% R R T y
EFOSC2 EFOSC2 22m SUSI EFOSC2 22m SUSI 22m SUSI (" ("

1 11.33 12.26 12.26 12.26 12.10 12.10 12.10 11.58 11.58 0.00 0.00

2 15.29 16.20 16.09 16.00 16.33 16.24 16.04 16.21 15.99 1.75W 2.67N
3 15.29 16.13 — 16.06 16.27 — 16.24 — 16.28 5.60E 4.36S
4 15.14 16.07 16.04 15.96 16.18 16.07 16.09 15.98 16.07 1.49W 2.33S
5 17.09 — — 17.63 17.76 — 17.68 — 17.64 5.78E 0.39S
6 _ _ _ _ — — — — 18.61 0.93W 3.98S
7 18.43 — — 17.50 17.86 — 17.47 16.94 16.83 1.60W 0.46N
8 _ — — - — — = - 18.81 5.60W  2.16S
9 _ _ _ _ — — — — 18.82 0.54E 6.04N
10 — — — 18.50 — — 18.45 — 18.41 0.61W 7.55N
11 — — — — — — 18.40 — 17.87 3.28E 4.21S
13 _ _ _ — - - - - —  316W  3.16S
14 14.72 — — 15.68 — — 15.83 — 15.83 7.67TW 4.32N
15 _ _ _ - - - - - —  22TW  1.50N
16 _ _ _ _ - — — — — 0.87TW 4.43S
19 _ _ _ _ — — — — — 4.73E 2.58N
20 _ — — — - — — — - 5.31W 1.53S
21 16.64 — — 16.20 — — 16.72 — 16.66 0.59W 0.87TN
29 _ _ _ _ - — — — — 4.12E 0.45S
23 — - — — — - — - — 8.79W  4.84S
24 _ _ - — - - - — 1882 5.08W 574N
25 _ _ - — - - - — 1893 146E  7.33N
26 — — — 18.79 — — 18.58 — 18.48 2.25E 8.12N
97 _ _ - — - - - — 1896 4.96E  3.68S
28 — — — — — — 18.94 — 18.89 6.12E 4.62S
29 _ — — - — — — — — 8.57TW  5.02N
30 _ _ — — — — — — — 1.54W 4.96N
31 _ _ — — — — — — — 3.28W 4.36N
32 _ — — — — — — — — 4.47E 5.26N
33 _ _ _ — - — — — — 2.81E 0.73S
34 — — — — — — 14.18 — 13.35 0.87TW  10.18S
35 — — — — — — 13.45 — 13.38  1.32W  11.21S
36 13.24 — — 14.03 — — 14.08 — 14.11 3.75E 14.75S
37 17.95 — — 17.15 — — 16.58 — 15.92 10.56E 12.43S
38 16.45 — — 17.05 — — 17.15 — 17.05 10.29E  6.04S

of the closest neighbors, i.e. stars # 7 and # 21 (Fig. 2).
Numerical simulations suggest that the uncertainty on the
magnitudes of star # 21 is of the order of 0.3 mag, while it
amounts to 0.2 for star # 7, in all the bands where we give
a magnitude for these two objects. Note also that another
consequence of the bad representation of the spikes of the
PSF is to produce a diffuse background around the bright
objects, especially R 84. This halo (Fig. 2) is not real, but
is neither an artefact due to the deconvolution algorithm.
It is simply due to the difference between the PSF used
for the deconvolution and R 84 itself. However, the rela-
tive intensity between its highest values and the faintest
stars is of the order of 1072, negligible at the precision we
need for our purpose.

Anyhow, the PSF was accurate enough to allow the
photometry of R 84 itself even from the frames where the
star central pixels are saturated. This was realized by giv-
ing an arbitrarily low weight to the saturated pixels, so
that the image of R 84 was modelled from the wings of its
PSF. Thanks to the good sampling of the original images,
this procedure gives an accurate estimate of the star’s
magnitude and position. This is confirmed by comparing
the results with those obtained from the unsaturated but
much lower resolution images taken with the ESO 2.2m
telescope. Table 2 lists the magnitudes obtained for all
the point sources with a S/N>10 in the central pixel.
The typical error for a point source with this S/N ratio is
of the order of 0.1 magnitude.
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Fig. 2. A part of the SUSI R image focused on R84 (left), and the corresponding deconvolution result (right). Star #1 is
the transition object R84. The pixel in the restored image is two times smaller than in the original one and the “seeing”
is 0"'19 (FWHM). The faint diffuse background in this image comes from residual light due to diffraction by the spikes of the
telescope. However, these residuals are negligible compared with the intensity of the stars themselves (see the text). The intensity
cuts of this figure are chosen to display the full dynamics of the image, even at low light levels. Field 16”4 x 16”4. North is at

the top and east to the left.

2.2. Adaptive optics imaging and near IR photometry

R84 was observed in August and December 1995 with
the ESO ADONIS adaptive optics system on the 3.6m
telescope. Images were taken in the H and K bands
with a pixel size of 0”705. For more details see Table 1.
During the August run, four photometric standards were
also observed: HD 115394, HD 193901, HD 207158 and
HD 218814, with the following exposure times : 8 X 15s,
20x5s,20x5s and 4 x 45 s in both H and K. The ref-
erence star SAQO 249234 was also observed, for later de-
convolution, with an exposure time of 100 x 3s in both H
and K.

The images taken in August 1995 were affected by a
strong noise due to the poor quality of the detector during
that run. Moreover, a very bad seeing (2 to 3”) through-
out the night was responsible for a very poor adaptive
optics correction. For instance, the Strehl ratio varied be-
tween 0.008 and 0.1 in K and the FWHM between 0”6 and
1”72. For these reasons, the observations of August 1995
only showed the two brightest stars of the field (R 84 and
#11). These observations were nevertheless vital to per-
form a photometric calibration of the main star, thanks
to the four photometric standards. This was done using
an aperture of diameter 5" The transformation from the

instrumental system to the standard photometric system
was carried out using the IRAF/NOAO PHOTCAL pack-
age. Note that the transformation was only possible for
the August data as no photometric standard had been
observed in December.

The photometric calibration enabled us to cal-
culate the magnitude of star R84: H =8.56=+0.04,
K =8.134+0.03. These results agree very well with those
of Stahl et al. ([L984). The errors include an uncertainty
due to variations of the PSF with time estimated to be
about 0.01 mag for our integration time (Esslinger & Ed-
munds ) The results were also checked by performing
the same operation with some other aperture diameters.
Once we had the magnitude of R84, we could use it to
calibrate the images taken in December 1995. This was
carried out by measuring the flux of the star on these im-
ages with an aperture of the same size as before.

The images taken in December 1995 were very good
(Strehl ratios 0.13 and 0.25 in H and K, FWHM resolu-
tions 0”12 and 0”715 respectively) and showed 17 stars in a
field of 12’8 x 12'8. To perform photometry we used both
aperture photometry and PSF fitting in the IRAF/NOAO
APPHOT and DAOPHOT packages. We used an aperture
of diameter 0”5. This size was chosen to include at least
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Table 3. H and K photometry of the cluster

Star H K H-K
1 8.56 8.13 0.43
2 16.28 16.26  0.02
4 16.05 16.08 -0.03
6 16.88 16.87  0.01
7 14.38 14.16  0.22
8 16.85 16.74  0.11
11 15.64 1550 0.14
12 17.15  17.17 -0.02
15 16.78 16.59  0.19
16 17.23 1719 0.04
17 16.98 17.00 -0.02
19 18.98 18.61 0.37
22 1711 16.74  0.37

two dark rings of the diffraction-limited image, which lim-
ited the errors due to anisoplanatism to less than 0.01 mag
(Esslinger & Edmunds [[997). PSF fitting, which is more
sensitive to anisoplanatism, was only used to check the re-
sults of aperture photometry. Table 3 shows the results for
each star, i.e. the magnitudes in H and K and the H- K
colors.

The accuracies for stars other than R 84 were gener-
ally better than 0.1 mag in both H and K bands. For star
#15, with H =16.74, it was about 0.3, and the worst was
for star #19 of H =18.94 which amounted to 0.8 mag.
These were mainly the errors given by the photometry
packages. For stars #7 and #15, which were in the halo
of #1, the packages did not give accurate errors. We had
to estimate them by changing the size of the aperture and
checking the variations in the fluxes. We found that the
magnitudes of stars #7 and #15 were respectively inac-
curate within 0.2 and 0.3 mag in both bands. Stars #12,
#17, and #19 were very close to the edge of the field of
view, especially in K. This forced us to take a smaller
aperture and also estimate the error ourselves. The mag-
nitude of star #34 was not measured, since only a part of
its halo was visible.

In an attempt to deconvolve our images from the
run of December 1995, we used the PSF calibration star.
Due to temporal variation of the ADONIS PSF, the re-
sult of the process is very disappointing. Both simple al-
gorithms such as the Lucy-Richardson method and our
new algorithm leave very significant residuals, due to the
fact that the PSF used for the deconvolution is not the
actual PSF of the image. As a result, we cannot detect
faint objects very close to R 84. For display purposes, and
to enhance contrast of the faint objects, we subtracted
the PSF from R 84. In Fig. 3 we show the result of the
operation, where the strongest residuals are masked.

19
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Fig. 3. An undeconvolved adaptive optics image of R 84 ob-
tained using ADONIS at the ESO 3.6 m telescope through an
H filter. Resolution 0”12 (FWHM) without deconvolution. R 84
being comparably very bright, we subtracted a properly placed
and scaled reference star from it and masked the residual in
order to bring out the fainter stars. Field 12”8 x 12”8. North
is at the top and east to the left.

2.8. Spectroscopy: CASPEC echelle and EMMI long slit

R84 was observed with the CASPEC spectrograph at-
tached to the 3.6 m telescope on 1989 September 14. The
31.6 lines mm~! grating was used with a 300 lines mm~—!
cross dispersion grating and an f/1.5 camera. The detector
was CCD #38, a high resolution chip of type RCA SID 006
EX with 1024 x 640 pixels and a pixel size of 15 um. The
central wavelength was AM250 A and the useful wavelength
range AA3850 to 4820A corresponding to orders 118 to
148 of the Thorium-Argon calibration arc. The result-
ing FWHM resolution as measured on the calibration lines
is ~0.2A. All the reductions were performed using the
ECHELLE context of the MIDAS package. No flat-field
correction was applied since the echelle orders in the flat-
field frame appeared not aligned with the orders in the
object frame. Orders 136 and 137 (AA4160 to 4190) are
affected by a bad column of the detector and due to the
lack of an appropriate flat-field correction, they could not
be used. The individual orders were normalized by fitting
fourth order polynomials and the accuracy of the normal-
ization was checked by comparing overlapping regions of
adjacent orders.

Several moderate resolution long-slit spectra were
taken of two stars (#35 and #36) in the direction of R 84
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using NTT+EMMI with grating # 12 on 1993 Septem-
ber 22. The CCD detector was Tektronix # 31 with 10242
pixels of size 24 pm. The range was A\3810-4740 A and
the dispersion 38 Amm™!, giving FWHM resolutions of
2.7040.10 pixels or 2.48 +0.13 A for a 1”0 slit. Although
the angular separation between stars #35 and #34 is only
~ 1" we expect no significant contamination of the spec-
trum of star #35 by #34 since the latter star is very faint
in the blue.

3. Spectroscopy of R 84

The fact that Ofpe/WN9 stars are transition objects
linked to LBVs and so susceptible of variability, moti-
vates monitoring of R84 more especially as this star
has shown photometric and spectroscopic variations. The
CASPEC spectrum of R84 obtained in 1989 September
(JD 2447784.84) is displayed in Fig. 4. Besides the charac-
teristic Of He 11 A4686 and N 111 AA4634-40 emission lines,
the spectrum is dominated by strong emission lines of H1,
He1, N11, N 111, Si1il and Si1v, some of these lines display-
ing P Cyg absorption components.

Detailed information on our spectrum are listed in
Table 4. Columns 3 and 4 provide the heliocentric veloc-
ities of the absorption trough and emission peak respec-
tively. The equivalent widths (EW) of the absorption com-
ponents are listed in column 6, whereas columns 7 and 8
respectively provide the EWs and normalized intensities
of the emission components. The accuracies on the equiv-
alent widths are ~ 5% for the stronger, non-blended lines
and ~ 10% for weaker or blended features.

We notice some differences in strength between the
lines in our spectrum and the published data. Nota et
al. report an EW of —9.7A for the Hy + N1
emission line while we find a much lower value of —5.8 A
similar to the value of —5.5A measured by Crowther et
al. on the spectrum of Stahl et al. ([98F). The
variability of this line was already noticed by Stahl et al.
([98F). Similar differences exist for the He1AA4471 and
4713 lines, that appear slightly stronger in Crowther et
al.’s data and show EWs enhanced by nearly a factor of
2 in the Nota et al.’s spectra. In contrast, the absorption
line He 11 A4542 has comparable intensities in the spectra
obtained at different epochs. Although some differences
in EW and intensity also exist for the Of-type emission
lines, they are usually less severe than for the H1 and Hel
lines. In general, the strongest variability is seen for those
lines that are formed in the outer layers of the stellar wind.
Note that IUE observations also indicate strong variations
of the N 111 \1750 emission with EW between 1.5 and 5.3 A
(Hutchings [L980).

Besides the well-known unidentified Of features at
AM486 and 4504, we find two unidentified weak and broad
features at ~ AA4080 and 4085 A. The latter lines do not
show up in previous observations reported by Stahl et

al. ([1983), Wolf et al. ([[987), and Smith et al. ([993)

I~

and are out of the spectral range of Nota et al. (JL996).
These features are, however, seen on the spectra of Mof-
fat (|L989) and could be marginally present in the spectra
of Cowley & Hutchin and Bohannan & Walborn
([L989). Smith et al. ([.993)) find a very broad emission fea-
ture in the region around the He 11 A4686, N 111 AA4634-40
lines that they tentatively attribute to N11. We find no
such feature in our spectrum, but even if such a broad
structure was present, it would cover the whole width of
an order and would therefore be masked by the normal-
ization procedure. As a consequence, depending on the
adopted normalization, any measurement of the EWs of
the N 111AA4634-40 and/or He 11A4686 lines is more or less
affected by this broad feature and any comparison of the
strengths of these lines with data taken from the literature
would be rather hazardeous.

Concerning the radial velocities of the H1 and Hel
lines, the most important differences between our data and
those of Nota et al. exist again for the He1 4471
(60 kms~1) and the He1A4713 (30 km s™!) lines. For most
of the other lines, the differences are of the order of 10—
15kms~! which is about the estimated error of our mea-
surements.

Narrow nebular emission lines of [Fe111] are detected
at AA4658,4701. A narrow emission component is also seen
on top of the broad stellar Hy emission component. These
nebular features have widths of 50 + 2km s=! (FWHM),
in good agreement with the widths of the nebular Ha,
HB3 and [N11] A\6548,6583 lines (Nota et al. [1996)). The
mean heliocentric radial velocity of the nebular lines in
our spectrum is 254+4km s~!, in agreement with Cowley
& Hutchings’s ([979) velocity of 256+ 1km s~ and Wolf
et al.’s ([[987) value of 250 km s=! both derived from the
[N11] lines.

4. Stars # 35 and # 36

The spectra of stars # 35 and # 36 obtained using long-
slit spectroscopy with EMMI at the ESO NTT during
excellent seeing conditions are presented in Fig. 5. The
absence of Hell A4686 in star #35 indicates a spectral
type later than B0.5-B0.7 for this star of V' =13.45 and
V-R=0.07 (Walborn & Fitzpatrick . The line ra-
tio Si1rA4552/Si1v AM089 being > 1, implies a spectral
type B1. The primary luminosity criterion at this type,
i.e. SimA4552/He14387, which shows a smooth progres-
sion along the sequence (Walborn & Fitzpatrick ),
points to a supergiant class. In fact, the spectral features
of # 35 are reminiscent of those of HD 86606 which is clas-
sified as B1Ib by Walborn & Fitzpatrick ([990). On the
basis of an interstellar reddening Ay =0.54 mag (Sect. 5)
and a distance of 50 kpc (Westerlund [[990), an absolute
visual magnitude My =-5.6 can be derived for star #35,
in good agreement with that expected for a B1Ib type
(Lang ) From measurement of 9 He1l and hydrogen
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Table 4. Lines measured in the spectrum of R 84

A Ton Vab Vem Type (EW)ap (EW)em  Iem
3888 Her+ H8 133 232 PCyg 0.96 -5.89 2.25
3934 Canl 246 A
3965 Hel 65 200 PCyg
3968 Ca 1l 248 A
3970 He 282 E -1.79
3995 N 238 E —0.79
4026 Hel -38 290 PCyg 0.83 -1.40 1.37
4089 Sitv 61 238 PCyg —0.64 1.28
4097 Nt 16 236 PCyg
4101 Hé+N 111 E 1.67
4116 Sitv 213 E —0.49 1.27
4121 He1 277 E —0.25 1.08
4144 Her1 267 E -0.52 1.11
4196 Nt 207 E 1.06
4200 He1r (83) A
4200 Niir 259 E 1.06
4340 Hy+Nm -125 260 PCyg  0.18 ~5.80
4340  H~y (neb) 250 E
4379 N1t -6 223 PCyg 0.11 -0.21 1.11
4387 Hel 46 242 PCyg  0.06 094 124
4414 [Fe11] 230 E 1.05
4416 [Fe11] 253 E 1.03
4447 N1 226 E -0.39 1.05
4471 He1 —66 293 PCyg 1.27 —2.89 1.69
4486* ? E -0.18 1.05
4504* ? E —0.26 1.10
4511 Nt 73 236 P Cyg 0.12 —0.14 1.08
4515 N1 (96) 242 PCyg  0.08 -0.18  1.09
4518 Nt 231 E —0.08 1.02
4524 Nt 227 E 1.01
4534 N1t 236 E -0.15 1.07
4542 Hen 100 A 0.22
4552 Sinn 203 E —0.32 1.08
4568 Si1nn 251 PCyg 0.33 —0.38 1.08
4634 Nt 217 E -1.13 1.46
4640 Nt 240 E -1.64 1.58
4647 Ci 71 221 PCyg 0.09 1.11
4651 C 236 E (-0.61)  1.11
4658 [Fe 111] 253 E -0.23  1.20
4686 Hen 222 E -2.90 1.85
4701 [Fe 111] 259 E -0.09  1.08
4713 He1 —26 267 PCyg 0.58 —0.84 1.20

lines we find a heliocentric radial velocity of 328 £12 km
s~! for this star.

Star # 36, being 0.63 mag weaker in V' than # 35,
is blue with colors U-B=-0.79, B—V=-0.05, and V-
R=-0.03 mag. The presence of a prominent He 11 A4686
line and very weak lines of Helr AA4200 and 4541 indi-
cates a very early-type B star. The ratio of SiIirA4552
to Sitv A4089 indicates a spectral type of B0.2. Wal-
born & Fitzpatrick ([L990) noticed an extremely tight pro-
gression in the luminosity criteria at this spectral type.
From the ratio of Si1tv A4089 to He1A4121, which rep-

resents the main luminosity criterion, we deduce a main
sequence class. Compared with star # 35, we note signif-
icantly larger equivalent widths for Hel and broader H1
Balmer lines. These facts are also indicators of a main
sequence luminosity class. However, assuming an intrinsic
color of (B-V)y=-0.30, we derive an absolute magnitude
My =-5.1 which is too bright for a single main sequence
early B type star. A medium resolution spectrum of star
# 36 taken with the Boller & Chivens spectrograph at the
ESO 1.5m telescope in March 1997 shows that most of
the absorption lines are double indicating that # 36 is a
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Fig. 4. Echelle spectra of R84 obtained using CASPEC at the ESO 3.6 m telescope in 1989. The normalized intensities of the

strongest lines are listed in Table 4.

binary system with two stars of similar spectral types and
luminosities.

Based on 10 Hel, He11, and H1 lines we derive a
radial velocity of 351417 km s~! for star #36.

5. Extinction towards the core of LH 39

The blue population of the color-magnitude diagram (Fig.
6) is centered on a color indice of V-R=0.05, B-V=-
0.07 (see also Table 2). Assuming an intrinsic color of
(B-V)y=-0.30 for O or early-type B stars gives F(B-
V)=0.23 mag. This corresponds to Ay =0.71 mag, or
a reddening coefficient of ¢(HB) =0.34, based on the in-
terstellar extinction law derived by Savage & Mathis

(1979) and R=3.1. This result is in good agreement
with Lucke’s ([[979) photometry who finds a mean E(B -
V)=0.18+£0.09 (s.d.) for a sample of 14 stars belonging
to the OB association LH 39 (Schild [L987).

The extinctions that we derive for stars #35 and
#36 also fully agree with this mean value. As to #35,
using an intrinsic color of V-R=-0.07 for a type B1Ib
(Johnson, [196), gives E(V-R)=0.14 mag, which cor-
responds to an interstellar reddening of E(B-V)=0.18
or Ay =0.54. For star #36 we find F(B-V)=0.24, or
Ay =0.74 mag, using an intrinsic color indice (B—V)y =
—0.29.

Regarding R 84, its B— V color varied between 0.11
and 0.16 mag over a lapse of 15 nights from December
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Fig. 5. Spectra of stars # 35 and # 36 obtained using the ESO NTT+EMMI with grating #12.

28, 1981 to January 11, 1982 (Stahl et al. [[984). Different
values ranging from 0.04 to 0.15 were suggested for the
B -V color excess of R84 according to observations con-
ducted at different periods between 1960 and 1990 (Feast
et al. m, Stahl et al. Im, Vacca & Torres-Dodgen ,
Crowther et al. [1995). Using Stahl et al.’s (1984) Aug.
1983 observations, we derive B-V=0.16 for R84. Com-
paring UV, visible, and near IR fluxes, Stahl et al. ()
concluded that the late-type star contributes significantly
to the flux in the V band. Therefore, one cannot directly
compare the observed colors with the intrinsic (B—V)y of
—0.30 derived by Crowther et al. (L995) for the W-R star
in R 84. Instead, we use the measured U—-B=-0.93 (Ta-
ble 2) to derive the reddening of R 84. We estimated the
intrinsic color (U-B)y from the photometric data for a
sample of 7 LMC Ofpe/WN?9 stars (Nota et al. [[994). Us-
ing Savage & Mathis’s ([[979) interstellar extinction curve,
the measured B-V colors, and (B-V)y=-0.30 for these
stars, we work out the color excess F(U-B). Then from
the listed U-B data we get a mean intrinsic color (U-
B)o=-1.09 £ 0.07 for the sample. This parameter is then
used to derive E(B - V)=0.24 for R 84, which corresponds

to Ay =0.75 mag, in good agreement with the extinction
derived above for the members of LH 39.

6. Discussions
6.1. A word of caution about the colors

The powerful deconvolution method decribed in Sect. 2.1
has allowed us to resolve the stars populating the core of
the LMC OB association LH 39 in more than 30 compo-
nents. More especially, it has shown the presence of two
previously unknown stars, #7 and #21, which are the
closest to R84 at a resolution of 0”19 (FWHM) in the op-
tical domain. Furthermore, this deconvolution code has
enabled us for the first time to perform the photometry of
the components. However, we should underline that this
photometry is relative for a number of reasons which have
nothing to do with the limitations of the code. We have
used Stahl et al.’s ([1984) observations of R84 to calibrate
our UBVR observations carried out at epochs different
from theirs. Moreover, since the calibration is based on
only one “standard star”, color corrections have not been
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possible. This shortcoming particularly affects the colors,
and we have therefore taken care not to over-interpret
them. Another point, as discussed in Sect. 5, is the slight
color variability of R 84. However, this variability, of the
order of 0.05 mag, is smaller than our inaccuracies. We
envisage high resolution photometric observations includ-
ing standard stars to improve the colors and use them for
further study of R 84.

6.2. The late-type component

R 84 is unique since it shows the features of both a tran-
sition Ofpe/WN9 type star and a late supergiant. No
other star of this family is known to be associated with an
evolved late-type star. The very large IR excess observed
towards R84 was attributed by Allen & Glass ([[970) to
the presence of a late-type supergiant component that pro-
vides the near-IR flux. This component was spectroscopi-
cally detected by Cowley & Hutchings (197§) who classi-
fied it as M2 on the basis of the relative strengths of TiO
bands at AA5167, 5448, and 6159. Later, Wolf et al. ([[987)
published a CASPEC spectrum containing several absorp-
tion lines mainly of neutral elements and TiO bands and
confirmed the spectral type M21Ia. Also, McGregor et al.
(IL98Y) interpreted the CO absorption bands in the 2.0-
2.4 ym region of the spectrum of R84 to be due to a cool
supergiant companion star.

Cowley & Hutchings ([197§), using a K magnitude
of 8.49 (Allen & Glass [[976) and Johnson’s calibration for
MO stars, estimated an absolute magnitude of My =-6.7
for the supergiant component. However, this is certainly
an overestimate, since it assumes that the W-R star has
no important contribution to the K flux. Recent works on
Ofpe/WN9 stars, LBVs, and related objects have shown
the presence of extended envelopes around these stars that
produce a strong IR excess in their spectrum. Moreover,
in the particular case of R84, Stahl et al. ([L984) provide
evidence for the existence of a circumstellar dust shell es-
pecially on the basis of a large K — L color that cannot be
explained by a late-type star alone.

From an absolute magnitude of My =-5.6, ex-
pected for an M2Tab star (Lang [[999) and assuming that
the putative late-type supergiant is a foreground star, we
derive a V magnitude of 13.2. This would be the brightest
star in the field of view after R 84. However, no star as
bright is disclosed by our photometry using resolutions of
0”12 (in H band) and 0”19 (in V) in a field of ~ 15" cen-
tered on R 84. The second brightest star of Table 2 with
red colors, i.e. #34 with V' =14.18, is too far apart to fall
into the large apertures (diameters of order 15”) used in
the classical photometry or to contribute to the spectrum
of R 84. The best candidate for the late-type companion
seems therefore to be star #7, lying at 0”46 N, 1760 W of
R 84. Tt is the brightest and the reddest star of the near-
IR sample and also the closest to R84 (Table 3, Figs. 2,
3, 6). Moreover, its H—-K=0.22 mag, although suffering

from a rather large uncertainty, is compatible with that ex-
pected for an M2 type (Koornneef ) However, with its
V=17.47+0.2 or K =14.104+0.22, it is extremely weak,
unless it varies strongly. We will see below (Sect. 6.3) that
star #7 is probably a line-of-sight object rather than a
genuine association member.

R84 is known to be variable. Its V' brightness has
been reported to change by 0.2 mag between 1972 and
1984 (see Stahl et al. and references therein). How-
ever, we do not know whether there is an offset in the
zero points used by various observers. Anyhow, Stahl et
al. ([[984), using a homogeneous set of observations, found
a magnitude variation of V' =0.08 between 1983 and 1984.
The variations in the near-IR magnitudes are also com-
parable to those in the optical domain (Allen & Glass
[[976, Stahl et al. [[984). From the similarity of the color
variations of R84 with those of R85 and R99 Stahl et
al. (l984) suggest that they might be due to the blue
star. However, since in the reported classical photome-
tries rather large apertures are used (15”) we cannot a
priori exclude the possibility that this similarity may be a
coincidence and that part of the observed variations may
be due to the other cluster stars falling in the aperture.
However, in order to get a variation of 0.08 mag in the
integrated V magnitude, star #7 or another star of the
field should undergo rather unrealistic variations.

Although we cannot preclude the presence of a line
of sight companion lying closer than 0”712 to R84, the
possibility of a binary system as suggested by McGre-
gor et al. ([198]) is very appealing. In order to investi-
gate the possibility of a binary system, one has to mea-
sure the actual radial velocity of R 84. However, this is
not an easy task, since Crowther et al. ([[995) have shown
that even the He 11 A4542 absorption is not a pure photo-
spheric line, but is already affected by the stellar wind.
Therefore, one has to rely on the radial velocities of pure
emission lines. Cowley & Hutchings ([97§) measured a ra-
dial velocity of 212 4+ 17kms™! for the N1, Sitv, Helr
and C1lI emission lines on their spectrum obtained in
Nov. 1977. Moffat ([[98]) found no indication of varia-
tions on time scales from a day to a year in his He 11 A\4686
data obtained in 1978 and 1980. He derived a mean ra-
dial velocity of 208 kms~! with a standard deviation of
5kms~!. Nota et al. ( measured a radial velocity of
235kms~! in 1991 September, whereas our spectrum ob-
tained in 1989 September yields a value of 222 kms™!.
Considering the mean radial velocity of the Of emission
lines He11 A\4686 and N 111 AA4634-40, we derive a mean
velocity of 205+7km s~ from Moffat’s (L989) data set,
whereas our spectrum yields a value of 226410 kms™!
and Nota et al. ([1996) find 246 + 13 kms~! including also
the Ha and He1 A6678 lines in their mean. We have also
measured the radial velocities on the AAT spectrum of
Smith et al. (1999) kindly provided by Dr. P. Crowther.
We obtain a velocity of 269km s~! for the HeI1 \4686
line and 256 km s~! for the mean of the Of emission lines.
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These data are too scarce to draw any firm conclusion on
the binary status of R84, but they clearly indicate the
presence of radial velocity variations and are not incom-
patible with the possibility of a long-period low-inclination
orbit.
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Fig. 6. Color-magnitude diagram of the components towards
the core of the OB association LH 39 resolved by deconvolution.

6.3. Cluster membership

The color-magnitude diagram in the V-R, V plane for
stars with the deconvolution photometry is shown in Fig.
6. Two distinct groupings appear, a vertical, blue one ly-
ing at <V-R>~0.1 and a smaller, red population with
V—-R>0.5 mag. However, the apparent “main sequence”
may be contaminated by evolved, foreground stars less af-
fected by reddening. We must therefore check the effects
of reddening upon the abscissa. A two-color U-B, B—-V
diagram turns out to be a useful complement to separate
the foreground stars from the association members. Un-
fortunately, in the field of R 84 we have only 11 stars with
measured U, B, and V photometry. Most of them appear
to have a reddening-free index Q = (U —-B)—0.72(B-V)
(Massey et al. [1995) between ~ —0.45 and ~ —0.85 and
lie on reddening lines between spectral types B5 and BO.
These stars (#2, 3, 4, 5, 14, 36, 38) are therefore very
likely members of the OB association. However, photom-
etry alone is not sufficient and as long as spectral types
are not derived from spectroscopy we should be very cau-
tious about these results. Three stars, #7, #21, and #37,

stand out of the main group. These stars are subject to
large uncertainties (Sect. 2.1.3). Star #37 is particularly
faint in U and the fact that the U image could not be flat-
fielded introduced a large error in this band. The 3o error
bars on the colors of these stars are therefore 0.6, 0.4, and
0.3 mag respectively. Whereas star #37 is most likely a
red foreground star, the situation is less clear for star #21
for which more accurate photometry is needed. The same
holds true for star #7, although this star is more likely a
line-of-sight component.
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Fig. 7. Color-magnitude diagram of a total of 212 stars in the
full 1’5 x 1’8 SUSI field. The asterisks represent the deconvolu-
tion magnitudes (16”4 x 16”4 crowded field around R 84) and
the black dots are the rather isolated stars for which we get
aperture photometry.

Fig. 6 represents a small group of stars concen-
trated in the core of the association, whereas the color-
magnitude diagram of the full SUSI field is displayed in
Fig. 7. The magnitudes were obtained using S-Extractor,
an efficient package for aperture photometry of large num-
bers of sources in large fields (Bertin & Arnouts [[996).
The code has allowed us to derive the photometry of the
brightest, non-blended stars for comparison with the re-
sults obtained using deconvolution in the smaller field.
Since R 84 is saturated in the R filter, the flux calibration
in this band was done using the magnitude of the rela-
tively bright star #14, given by deconvolution (Table 2),
whereas the V' band results are based on the magnitude
of R84. A remarkable feature of the color-magnitude di-



M. Heydari-Malayeri et al.: R 84 13

agram is the good agreement between the characteristics
of the different groupings obtained by the deconvolution
code applied to the crowded central part of the field on
the one side and the aperture method applied to isolated
stars in the whole SUSI field on the other side. Whereas
the sequence with V' — R ~ 0.05 essentially traces the OB
association, the redder group with V' — R > 0.5 is due to
LMC field stars. This field star grouping may be a mix
of several populations, as Walker ([L995) has shown in the
case of the LMC cluster NGC 1866.

6.4. Radial velocities

We have measured the radial velocities of 15 known mem-
bers of the LH 39 association (Schild [[987) on the spectra
kindly provided by Dr. H. Schild. Since these spectra have
a low FWHM resolution of 6.8 A, they can only provide a
rough estimate of the radial velocities. Our measurements
span a rather wide range between 215 and 440kms~!. The
above derived radial velocities of stars #35 and #36 are
therefore fully consistent with the mean value of the LH 39
association, whereas the velocity of R 84 lies towards the
lower end of our range.

7. Concluding remarks

The magnitudes of R84 reported in the literature are
based on classical photometry using large apertures of
some 15" in diameter. However, this work has shown that
about 30 stars populate these apertures and the derived
magnitudes are overestimates although R 84 dominates
the cluster. In deriving the magnitudes of R 84 we have
surpassed this crowding problem. On the other hand, if
the late-type star is confirmed to be a line-of-sight com-
panion, this means that the visual magnitudes so far given
for R84, including our relatively lower values (Table 2),
are all upper limits. Assuming an apparent magnitude of
V' =13.2 for the M2 supergiant (see Sect. 6.2) leads to a
V' =12.6 for R84, based on a global magnitude of 12.10
(Table 2) for both stars. This corresponds to an absolute
magnitude of My =-6.6, which is fainter than the recently
derived value of ~7.0 (Crowther et al. [[995).

A remarkable point is the apparent absence of O
type stars in the OB association LH 39. Schild ([[987) de-
rived the spectral types of the 16 brightest blue stars of
the association. In this sample 13 stars are B types (only
3 of them main sequence), there are 2 A supergiant stars,
and R 84. Stars #35 and #36 that we have observed to-
wards the core of the association are also B types (Sect.
4). One of them may be a double system with spectro-
scopically identical components. Several other stars in the
association, for which no spectroscopy is available, have
a reddening-free @) index consistent with a B type classi-
fication (Sect. 6.3). For instance, stars #3 and #14 have
V' =16.24 and 15.83 (Table 2) corresponding to absolute
visual magnitudes of about —3.0 and —3.5 respectively.

These are too faint for O types and would rather indi-
cate main sequence B stars.

If there were any undetected O stars in this asso-
ciation, they should be fainter than the main sequence B
types, and this is difficult to admit since the reddening is
pretty uniform over the association and we do not expect
important local extinction in this rather evolved associa-
tion. Therefore, we conclude that the turn-off of this as-
sociation lies around B0. This entails a rather provocative
question as to the progenitor of R84. Could R84 come
from a B type star? Of course one is inclined to admit
that the progenitor of R 84 was the most massive star of
the cluster, a supposedly O type. Generally speaking, the
formation of O type stars is a collective process, as indi-
cated by recent observational and theoretical works (see
Heydari-Malayeri and references therein). But there
is no observational evidence supporting the existence of O
stars in LH 39, as is the case in other LMC OB associations
(e.g. LH117 and LH 118, Massey et al. [[989).

According to the Z=0.008 evolutionary tracks of
Schaerer et al. ([993), the mass limit capable of forming a
W-R star is slightly above 40 M and R 84 lies very close
to the 40 Mg track. Although, very massive Galactic late-
type WN stars are probably still in the H-burning stage
(Rauw et al. [[1996), it seems unlikely that less massive stars
in the LMC will reach the W-R stage prior to the He-
burning phase. Therefore, the total H+ He-burning life-
times for a 40 My star will set an upper limit of 5.3 Myr
to the age of R84, whereas most of the association mem-
bers are consistent with an age of about 12 Myr. Unless
the mass limit to form a W-R star is considerably lower
than 40 M), we are forced to admit that the stars in LH 39
are not coeval.

The presence of a low mass M supergiant in
this OB association is another challenging problem since
Humphreys et al. () showed that red supergiants and
W-R stars were anticorrelated in the OB associations of
M 33 (metallicity similar to the LMC). Its formation might
be more easily understandable if it belongs to a binary
system where the physical effects of mass exchange would
considerably alter the evolutionary paths. If the partner is
effectively the Ofpe/WN9 star, such a scenario could also
provide an explanation for the present status of R 84.
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