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ABSTRACT

We report the first-ever discovery of a Wolf-Rayet (WR) star in the Large Magellanic
Cloud via detection of a circular shell with the Spitzer Space Telescope. Follow-up
observations with Gemini-South resolved the central star of the shell into two com-
ponents separated from each other by a2 arcsec (or ~0.5 pc in projection). One of
these components turns out to be a WN3 star with H and He lines both in emission
and absorption (we named it BAT99 3a using the numbering system based on extend-
ing the Breysacher et al. catalogue). Spectroscopy of the second component showed
that it is a BO'V star. Subsequent spectroscopic observations of BAT99 3a with the du
Pont 2.5-m telescope and the Southern African Large Telescope revealed that it is a
close, eccentric binary system, and that the absorption lines are associated with an O
companion star. We analyzed the spectrum of the binary system using the non-LTE
Potsdam Wolf-Rayet (PoWR) code, confirming that the WR component is a very hot
(=90 kK) WN star. For this star, we derived a luminosity of log L/ Ls = 5.45 and
a mass-loss rate of 107°% My yr~!, and found that the stellar wind composition is
dominated by helium with 20 per cent of hydrogen. Spectroscopy of the shell revealed
an He 111 region centred on BAT99 3a and having the same angular radius (/15 arcsec)
as the shell. We thereby add a new example to a rare class of high-excitation nebulae
photoionized by WR, stars. Analysis of the nebular spectrum showed that the shell is
composed of unprocessed material, implying that the shell was swept-up from the local
interstellar medium. We discuss the physical relationship between the newly identified
massive stars and their possible membership of a previously unrecognized star cluster.
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1 INTRODUCTION interstellar shells of a wide range of morphologies (John-
Massive stars are sources of copious stellar winds of variable son & Hogg 1965; Chu 1981; Lozinskaya & Lomovskij 1982;

. . . Heckathorn, Bruhweiler & Gull 1982; Chu, Treffers & Kwit-
mass-loss rate and velocity, which create circumstellar and ter 1983; Dopita et al. 1994; Marston 1995; Nota et al. 1995:

Gruendl et al. 2000; Weis 2001; Smith 2007; Gvaramadze,

* E-mail: vgvaram@mx.iki.rssi.ru Kniazev & Fabrika 2010a). Detection of such shells by means
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of optical, radio or infrared (IR) observations provides a
useful tool for revealing evolved massive stars. The mid-
IR imaging with the Spitzer Space Telescope (Werner et al.
2004) and the Wide-field Infrared Survey Ezplorer (WISE,
Wright et al. 2010) turns out to be the most effective, result-
ing in discoveries of many dozens of luminous blue variable
(LBV), Wolf-Rayet (WR) and other massive transient stars
(Gvaramadze et al. 2009, 2010b,c, 2012a, 2014; Wachter et
al. 2010, 2011; Mauerhan et al. 2010; Stringfellow et al.
2012a,b; Burgemeister et al. 2013). The high angular res-
olution of Spitzer images (~6 arcsec at 24 um) even allowed
us to discover parsec-scale circumstellar nebulae around sev-
eral already known evolved massive stars in the Magellanic
Clouds (Gvaramadze, Kroupa & Pflamm-Altenburg 2010d;
Gvaramadze, Pflamm-Altenburg & Kroupa 2011a).

The vast majority of nebulae associated with massive
stars were detected far from (known) star clusters where the
massive stars are believed to form (Lada & Lada 2003). This
suggests that central stars of these nebulae are runaways.
Indeed, studies of massive stars in the field showed that most
of them can be traced back to their parent clusters (e.g.
Schilbach & Roéser 2008) or are spatially located not far
from known star clusters and therefore could escape from
them (de Wit et al. 2004, 2005; Gvaramadze & Bomans
2008; Gvaramadze et al. 2011c¢, 2013a) because of dynamical
encounters with other massive stars (Poveda, Ruiz & Allen
1967; Gies & Bolton 1986) or binary supernova explosions
(Blaauw 1961; Stone 1991; Eldridge, Langer & Tout 2011).

There are, however, several instances of circumstellar
nebulae containing (at least in projection) several massive
stars within their confines (Figer et al. 1999; Mauerhan et
al. 2010; Wachter et al. 2010; Gvaramadze & Menten 2012).
Some of them, like the bipolar nebula around the candidate
LBV star MWC 349A (Gvaramadze & Menten 2012) could
be produced by evolved massive stars in runaway multiple
systems, while others, like the pair of shells associated with
two WN9h stars WR 120bb and WR 120bc (Burgemeister et
al. 2013), are simply projected against the parent cluster of
their central stars (Mauerhan et al. 2010). In the latter case,
the well-defined circular shape of nebulae around WR 120bb
and WR 120bc implies that these two WR stars are located
outside the cluster, so that their nebulae are not affected by
stellar winds of other massive members of the cluster.

In this paper, we report the discovery of a new circu-
lar shell in the Large Magellanic Cloud (LMC) with Spitzer
and the results of follow-up spectroscopic observations of its
central star with Gemini-South. We resolved the star into
two components, one of which turns out to be a WN3 star
with absorption line (the first-ever extragalactic massive
star identified via detection of a circular shell around it)
and the second one a BOV star. (Preliminary results of our
study were reported in Gvaramadze et al. 2012c.) The new
IR shell and its central stars are presented in Section[2l Sec-
tion[3] describes our spectroscopic follow-up of the central
stars and their spectral classification. Sectiond presents the
results of additional spectroscopic observations of the WN3
star with the du Pont 2.5-m telescope and the Southern
African Large Telescope (SALT), showing that it is a mas-

1 Note that Neugent, Massey & Morrell (2012) erroneously at-
tributed the discovery of this star to Zaritsky et al. (2004).

sive binary system. In Section[f] we determine fundamental
parameters of the binary components using the Potsdam
Wolf-Rayet (PoWR) model atmospheres. The origin of the
shell is analysed in Section[fl The physical relationship be-
tween the newly identified massive stars and their possible
membership of a previously unrecognized star cluster are
discussed in Section[7l

2 THE NEW CIRCULAR SHELL AND ITS
CENTRAL STARS

The new circular shell in the LMC was discovered in archival
imaging data from the Spitzer Space Telescope Legacy Sur-
vey called “Surveying the Agents of a Galaxy’s Evolution”
(SAGEE; Meixner et al. 2006). This survey provides ~7°x7°
images of the LMC, obtained with the Infrared Array Cam-
era (IRAC, near-IR wavebands centred at 3.6, 4.5, 5.8 and
8.0 um; Fazio et al. 2004) and the Multiband Imaging Pho-
tometer for Spitzer (MIPS, mid- and far-IR wavebands cen-
tred at 24, 70 and 160 pm; Rieke et al. 2004). The resolution
of the IRAC images is ~ 2 arcsec and that of the MIPS ones
is 6, 18 and 40 arcsec, respectively (Meixner et al. 2006).

Fig.[l shows the Herschel Space Observatory (Pilbratt
et al. 2010) PACH 160 ym, MIPS 70 and 24 yum, WISE 22
and 12 pm, IRAC 8 and 3.6 pm, Two-Micron All Sky Survey
(2MASS) J-band (Skrutskie et al. 2006), and Digitized Sky
Survey IT (DSS-II) red-band (McLean et al. 2000) images of
the region containing the circular shell and its central star
(indicated by a circle). Like the majority of other compact
nebulae discovered with Spitzer (Gvaramadze et al. 2010a;
Mizuno et al. 2010; Wachter et al. 2010), the shell is most
prominent at 24 ym. It is also discernible in the WISE 22 ym
image and to a lesser extent at 12 p,nﬂ. There is also a gleam
of 70 pm emission possibly associated with the shell, but the
poor resolution at this wavelength and the fore/background
contamination make this association unclear. In the 24 ym
image the shell appears as a ring-like structure with an angu-
lar radius of =15 arcsec and enhanced brightness along the
eastern rim. At the distance of the LMC of 50 kpc (Gibson
2000), 1 arcsec corresponds to ~0.24 pc, so that the linear
radius of the shell is ~3.6 pc.

The central star is offset by several arcsec from the ge-
ometric centre of the shell, being closer to its brightest por-
tion. This displacement and the brightness asymmetry could
be understood if the shell impinges on a more dense ambient
medium in the eastern direction. The presence of the dense
material on the eastern side of the shell could be inferred
from all but the J-band images, showing a diffuse emission
to the east of the star (see also Section[dl). This region is
classified in Bica et al. (1999) as ‘NA’, i.e. a stellar system
clearly related to emission (named in the SIMBAD data base
as BSDL 161). Alternatively, the enhanced brightness of the
eastern side of the shell and the displacement of the star
might be caused by the stellar motion in the west-east di-
rection (we discuss both possibilities in Section[]).

The g¢’-band acquisition image obtained during our

2 http://sage.stsci.edu/

3 PACS=Photodetector ~Array Camera and Spectrometer
(Poglitsch et al. 2010).

4 The resolution of these images is ~12 and 6 arcsec, respectively.
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Figure 1. From left to right, and from top to bottom: Herschel PACS 160 um, Spitzer MIPS 70 and 24 pm, WISE 22 and 12 pm, Spitzer
IRAC 8 and 3.6 pum, 2MASS J-band, and DSS-II red-band images of the region of the LMC containing the new circular shell and its
central star (indicated by a circle). The orientation and the scale of the images are the same. At the distance of the LMC of 50 kpc, 30

arcsec corresponds to &7.2 pc.

spectroscopic follow-up with the Gemini Multi-Object Spec-
trograph (GMOS; Hook et al. 2004) resolved the central star
into two components (hereafter star 1 and star 2; marked in
Fig.2 by a large and small white circle, respectively) sepa-
rated from each other by ~2 arcsec or 0.5 pc in projection.
Using the VizieR catalogue access tooﬂ7 we searched for
photometry of these stars and found four catalogues which
provide their UBV (Braun 2001), UBVI (Zaritsky et al.
2004), JHK, (Kato et al. 2007), and IRAC band (SAGE
LMC and SMdJ IRAC Source Cataloéj) magnitudes sep-
arately. Interestingly, the JH K survey of the Magellanic

5 http://webviz.u-strasbg.fr/viz-bin/VizieR,
6 SMC=Small Magellanic Cloud.
7 http://irsa.ipac.caltech.edu/applications/Gator/
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Clouds by Kato et al. (2007ﬁ resolved star 1 into two com-
ponents separated from each other by 1 arcsec or ~0.24 pc
in projection. For the brightest of these two stars we keep
the name star 1, while the second one, shown in Fig.[2 by a
green diamond, we call star 3. The details of the three stars
are summarized in Table[l A possible relationship between
these stars is discussed in Section[l

8 This survey, carried out with the Infrared Survey Facility 1.4-m
telescope at Sutherland, the South African Astronomical Obser-
vatory, resolves neighboring stars separated by more than ~0.3
pc and its 100 limiting magnitudes are 18.8, 17.8 and 16.6 mag at
J, H and Kj, respectively, which are fainter by ~2 mag than the
two recent near-IR surveys, the 2MASS and the Deep Near In-
frared Survey of the Southern Sky (DENIS; DENIS Consortium,
2005).
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Figure 2. GMOS ¢’-band acquisition image of the central star of
the circular shell showing that it is composed of two components,
separated from each other by ~2 arcsec or =~ 0.5 pc in projection.
The new WR star BAT99 3a (star 1) is marked by a large circle.
A small circle marks star 2 (BOV). A diamond indicates the posi-
tion of a third star (star 3), revealed by the JH Ky survey of the
Magellanic Clouds by Kato et al. (2007). The orientations of the
spectrograph slit in our two Gemini observations are shown by
dashed lines. See the text for details.

Table 1. Details of three stars in the centre of the circular shell.
The spectral types, SpT, of stars1 (BAT99 3a) and 2 are based
on our spectroscopic observations, while that of star 3 is inferred
from the JH K photometry (see the text for details) and there-
fore should be considered with caution. The UBV I photometry
is from Zaritsky et al. (2004). The coordinates and JH K pho-
tometry are from Kato et al. (2007). The IRAC photometry is
from the SAGE LMC and SMC IRAC Source Catalog.

star 1 star 2 star 3

SpT WN3b+06V BOV 08.5V (?)
a (J2000) 04h53™03576  04153™03360  04M53™03386
§ (J2000) —69°23'5178  —69°23'5378  —69°23/50/9
U (mag) 13.1674£0.041  14.5024:0.058 —

B (mag) 14.210+0.035  15.25540.044 —

V (mag) 14.3914£0.099  15.2984:0.231 —

I (mag) 14.40240.102  15.44140.046 —

J (mag) 14.6304£0.010  15.55040.020  16.420-0.040
H (mag) 14.53040.040  15.6004:0.020  15.9204-0.030
Ks (mag) 14.6104£0.040  15.62040.050  15.670-0.070
[3.6] (mag)  14.05340.052  15.31140.086 —

[4.5] (mag)  14.12040.047  15.37740.077 —

[5.8] (mag)  13.7644-0.069 — —

[8.0] (mag)  13.43940.100 — —

3 SPECTROSCOPIC FOLLOW-UP WITH

GEMINI-SOUTH
3.1 Observations and data reduction

To determine the spectral type of the central star associated
with the 24 pym circular shell, we used the Poor Weather
time at Gemini-South under the program-ID GS-2011A-
Q-88. The spectroscopic follow-up was performed with the

GMOS in a long-slit mode with a slit width of 0.75 arcsec.
Two spectra were collected on 2011 February 9 and March
5. The log of these and five subsequent observations with
the du Pont telescope and the SALT (see SectionH]) is listed
in Tablel2

The acquisition image obtained during the first obser-
vation resolved the central star into two components, and
the decision was made then by the observer to put only the
brightest star (star 1; see Table[l]) in the slit (with a position
angle of PA=125°, measured from north to east; see Fig.[2).
A quick extraction of the spectrum allowed us to classify this
star as a WN3 star with absorption lines (see SectionB3.2.1]),
hence we decided to re-observe it to search for shifts in the
radial velocity as a result of possible binarity. The second
spectrum was taken with the slit aligned along stars 1 and 2
(PA=22°).

The first spectrum was obtained under fairly good con-
ditions: with only some clouds and a ~1 arcsec seeing. The
aimed signal-to-noise ratio (S/N) of ~200 was achieved with
a total exposure time of 450 seconds. For the second ob-
servation, in order to get fairly good S/N on the fainter
star (star2), we preferred to double the exposure time,
which resulted in the S/N of 350 in the spectrum of star 1.
Calibration-lamp (CuAr) spectra and flat-field frames were
provided by the Gemini Facility Calibration Unit (GCal).

The bias subtraction, flat-fielding, wavelength calibra-
tion and sky subtraction were executed with the GMOS pack-
age in the GEMINI library of the RAH] software. In order to
fill the gaps between GMOS-S’s EEV CCDs, each observa-
tion was divided into three exposures obtained with a dif-
ferent central wavelength, i.e. with a 5A shift between each
exposure. The extracted spectra were obtained by averag-
ing the three individual exposures, using a sigma clipping
algorithm to eliminate the effects of cosmic rays. The B600
grating was used to cover the spectral range AA=3800—6750
A with a reciprocal dispersion of ~0.5 A pixel ! and the av-
erage spectral resolution FWHM of ~4.08 A. The accuracy
of the wavelength calibration estimated by measuring the
wavelength of ten lamp emission lines is 0.065 A. A spectrum
of the white dwarf LTT 3218 was used for flux calibration
and removing the instrument response. The resulting spec-
tra of stars 1 and 2 are shown in Figs[3l and [ respectively.

Note that star 1 and the standard star were observed
at different air masses, during different nights, and were not
observed with the longslit aligned with the parallactic an-
gle. These make the absolute flux calibration of the Gemini
spectra very uncertain.

Equivalent widths (EWs), full widths at half-maximum
(FWHMs) and heliocentric radial velocities (RVs) of main
lines in the spectra of stars 1 and 2 (measured applying the
MIDAS programs; see Kniazev et al. 2004 for details) are sum-
marized in Tables[3] and [4] respectively. All wavelengths are
in air. For EWs and RVs we give their mean values derived
from both spectra, while for measurements of FWHMs we
used the second spectrum alone owing to its better quality.

9 IRAF: the Image Reduction and Analysis Facility is distributed
by the National Optical Astronomy Observatory (NOAO), which
is operated by the Association of Universities for Research in
Astronomy, Inc. (AURA) under cooperative agreement with the
National Science Foundation (NSF).
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Table 2. Journal of the observations.

bt

Spectrograph Date Grating Spectral scale Spatial scale Slit Slit PA Spectral range
(1 mm~—1) (A pixel™1) (arcsec pixel 1) arcsec (°) (A)
GMOS (Gemini) 2011 February 9 600 0.46 0.073 0.75 125 3800—6750
GMOS (Gemini) 2011 March 5 600 0.46 0.073 0.75 22 3800—6750
B&C (du Pont) 2012 December 6 1200 0.79 0.70 1.00 90 3815—5440
B&C (du Pont) 2012 December 13 1200 0.79 0.70 1.00 90 3815—5440
B&C (du Pont) 2012 December 28 1200 0.79 0.70 1.00 25 3815—5440
RSS (SALT) 2013 January 26 900 0.99 0.25 1.25%x480 130 3580—6700
RSS (SALT) 2013 January 28 900 0.98 0.25 1.25%x480 130 4170—7300
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Figure 3. Normalized spectrum of the new WR star BAT99 3a (star 1) in the LMC observed with Gemini-South on 2011 March 5 with

principal lines and most prominent DIBs indicated.

3.2 Spectral classification
8.2.1 Star1: a new WR star in the LMC

The spectrum of star 1 (see Fig.[) is dominated by strong
emission lines of Ha, He 11 AM4686 and N v AA4604, 4620. The
Ha and He11r A4686 lines show central absorption reversals.
Several weaker emissions of Nv (at A\4514 — 4529, 4943 —
4946, and 6470—6481) are also detected. There are also
several lower-intensity broad emission features with nar-
row absorption reversals, of which the most prominent are
Hp+He1r A4859 and Heir A5412. None of the emission
lines shows P Cygni profiles. Other H, He1l and Hell lines
are almost purely in absorption. The O111 A5592 and C1v
AA5801, 5812 lines are also purely in absorption. The low
interstellar extinction in the direction towards the LMC is
manifested in several weak diffuse interstellar bands (DIBs).
A prominent absorption visible in the spectrum at 6277 A
is telluric in origin.

The presence of the N v A\4604, 4620 emission lines and
the absence of the N1v A4057 one imply that the emission
spectrum belongs to a WR star of the ionization subclass

© 0000 RAS, MNRAS 000, 000-000

WN3 (Smith, Shara & Moffat 1996). The FWHM of the
He1r \4686 (emission) line of 31.140.21 A slightly exceeds
the empirically determined limit of 30 A for broad-lined
stars (Smith et al. 1996), which implies that star 1 can be
classified WN3b. Since it is believed that broad-lined WR
stars are true hydrogen-free WN stars (Smith & Maeder
1998; cf. Foellmi, Moffat & Guerrero 2003), one can assume
that the numerous absorption lines in the spectrum of star 1
are due to a second (unresolved) star, either a binary com-
panion or a separate star located on the same line-of-sight.
Our subsequent spectroscopic observations of star 1 showed
that it is a binary system (see SectionM]). We name star 1
BAT99 3a using the numbering system based on extend-
ing the Breysacher et al. (1999) catalogue, as suggested by
Howarth & Walborn (2012).

An indirect support to the possibility that the spectrum
of BAT99 3a is a superposition of two spectra comes from
the position of this star on the plot of EW(5412) versus
FWHM(4686) for WN stars in the LMC (see fig. 14 of Smith
et al. 1996), where it lies in a region occupied by binary and
composite stars.
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Figure 4. Normalized spectrum of star 2 (B0OV) observed with Gemini-South with principal lines and most prominent DIBs indicated.

The presence of Hell absorption lines in the spectrum
of BAT99 3a suggests that one of its components is an O-
type star. Taken at face value, the EWs of the He1 \4471
and HeIr A4542 lines (see TableB]) imply that this star is of
type 06.0+0.49 (Morgan, Keenan & Kellman 1943; Conti
& Alschuler 1971). The same spectral type also follows from
the classification scheme for O stars in the yellow-green
(AX4800—5420 A) proposed by Kerton, Ballantyne & Martin
(1999). Using the following equation (Kerton et al. 1999)

(1)

and EW (4922)=0.11+0.06 A, one finds SpT=5.740.5, which
agrees with the spectral type based on the traditional clas-
sification criteria. The non-detection of the Sitv A4089 line
in the spectrum of BAT99 3a implies that the O-type com-
panion is on the main sequence (Conti & Altschuller 1971),
i.e. an 06.0+£0.5V star (cf. Section[]).

Detailed comparison of the two Gemini spectra of
BAT99 3a taken 24 days apart did not show evidence of sig-
nificant change in RVs typical of close binaries. Although
this might imply that the WR and O stars are unrelated to
each other members of the same (unrecognized) star clus-
ter (cf. Section[T]), our subsequent spectroscopic observations
(see SectionH]) showed that the two stars form a binary sys-
tem. Moreover, we know that the Gemini spectra were taken
outside of the periastron passage and hence should not show
significant RV variability.

SpT = (4.82 + 0.03) + (7.92 + 0.56)EW (4922)

10 While the existence of an unresolved companion star generally
affects the observed EWs, a subsequent spectral analysis (see Sec-
tion[5)) showed that the contribution of the WR star to the visual
continuum is negligible, implying that the measured EWs of the
classification absorption lines are very close to the intrinsic ones.

3.2.2 Star 2

The spectrum of star2 is dominated by H and He1 ab-
sorption lines (see Fig.Ml). No Hell lines are visible in the
spectrum, which implies that star2 is of B type. Using
the EW(H~y)—absolute magnitude calibration by Balona &
Crampton (1974) and the measured EW(H~)=3.714+0.09
A, we estimated the spectral type of this star as BOV.
The same spectral type also follows from equation (). With
EW(4922)=0.68+0.01 A, we found SpT~10, which corre-
sponds to BOV stars (Kerton et al. 1999).

Using the B and V magnitudes of star2 from Table[ll
and intrinsic (B — V') colour of —0.26 mag (typical of BOV
stars; e.g. Martins & Plez 2006), and assuming the standard
total-to-selective absorption ratio Ry = 3.1 (cf. Howarth
1983), we found the visual extinction, Ay, towards this star
and its absolute visual magnitude, My, of ~0.67 and —3.87
mag, respectively. The latter estimate agrees well with My
of BOV stars of —3.84 mag, derived by extrapolation from
the absolute magnitude calibration of Galactic O stars of
Martins & Plez (2006).

4 ADDITIONAL SPECTROSCOPIC
OBSERVATIONS WITH THE DU PONT
TELESCOPE AND THE SALT

To clarify the possible binary status of BAT99 3a, five addi-
tional spectra were taken in 2012 December — 2013 January.

Three spectra were observed as time fillers at the du
Pont 2.5-m telescope (Las Campanas, Chile) on 2012 De-
cember 6, 13 and 28, using the B&C spectrograph with a
slit width of 1 arcsec. A S/N of ~130 was obtained after
a one hour exposure each time. The wavelength calibration
was done using spectra of a HeAr lamp. The full spectral

(© 0000 RAS, MNRAS 000, 000-000
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Figure 5. Left: The top panel shows a montage of the residuals (individual spectra minus mean) for our Gemini and du Pont observations
in the observer’s reference frame. HJD—2455550 is indicated for each residual, and selected spectral lines are marked with a dotted line.
The bottom panel shows the TVS, which shows broad double-peaked profiles associated with the emission lines, and narrow peaks
associated with the absorption lines. Right: The top panel shows the superposition of the five spectra placed in the reference frame of
the WR star. The TVS (bottom panel) shows only signatures of the motion of the absorption lines (with respect to the emission ones)

and a change in amplitude of the Hell lines.

range is AA3815—5440 A, the average wavelength resolution
is ~0.8 A pixel™* (FWHM=~2.44 A), and the accuracy of
the wavelength of ten lamp emission lines is 0.055 A. No
spectrophotometric standard was observed to calibrate the
spectra in flux.

Two other spectra were taken with the SALT (Buck-
ley, Swart & Meiring 2006; O’Donoghue et al. 2006) on 2013
January 26 and 28, using the Robert Stobie Spectrograph
(RSS; Burgh et al. 2003; Kobulnicky et al. 2003) in the long-
slit mode. The RSS pixel scale is 07127 and the effective field
of view is 8 arcmin in diameter. We utilized a binning fac-
tor of 2, to give a final spatial sampling of 07254 pixel .
As indicated in Table 2] the volume phase holographic grat-
ing GR900 was used mainly to cover the spectral ranges
3580-6700 A and 4170-7300 A with a final reciprocal dis-
persion of ~0.98 A pixel™ and spectral resolution FWHM
of 4-5 A. Observations were done with exposure times of
20 minutes for the blue spectral range and 10 minutes for
the red one. Unfortunately, they were carried out close to
the twilight time and under the very poor weather condi-
tions. Spectra of Ar comparison arcs were obtained to cal-
ibrate the wavelength scale. Spectrophotometric standard
star LTT 4364 was observed for the relative flux calibration.
Primary reduction of the data was done with the SALT sci-
ence pipeline (Crawford et al. 2010). After that, the bias and
gain corrected and mosaicked long-slit data were reduced in
the way described in Kniazev et al. (2008b). We note that
SALT is a telescope with a variable pupil, so that the illumi-
nating beam changes continuously during the observations.
This makes the absolute flux/magnitude calibration impos-
sible, even using spectrophotometric standard stars or pho-
tometric standards. At the same time, the final relative flux
distribution is very accurate and does not depend on the
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position angle because SALT has an atmospheric dispersion
corrector (O’Donoghue 2002).

Special care was taken for normalizing the continuum
of all seven spectra. The method consists of normalizing all
spectra with respect to a reference spectrum before we fit
the continuum on the overall mean spectrum. The spectrum
with the best S/N is always chosen as the reference. All the
other spectra are divided by the reference, and the results
of the divisions are fitted using a Legendre polynomial of
the 4" order. All individual spectra are divided by the re-
spective fits, so their continuum has the same shape as the
reference spectrum. In our case, we took the second spec-
trum from Gemini as the reference. The continuum on the
overall mean spectrum was fitted with a Legendre polyno-
mial of the 8" order and applied to all spectra normalized
to the reference spectrum.

The top left-hand panel of Fig.Bl shows a montage of
the residuals of the Gemini and du Pont spectra subtracted
by the normalized average spectrum. The spectra are orga-
nized in chronological order, and the time (HJD—2455550)
is indicated for each spectrum. The du Pont spectra are used
to show the line variations near the periastron passage (see
below), and the Gemini ones are used as a reference when
the orbital motion is small. The residuals show that all ab-
sorption and emission lines are varying with time. The S
shape of the residuals at the same wavelength as the spec-
tral lines is the sign of RV variations. The bottom left-hand
panel shows the square root of the Temporal Variance Spec-
trum (TVS; Fullerton, Gies & Bolton 1996). The spectrum
is significantly variable at the wavelength where the corre-
sponding TVS'/? value is over the threshold plotted with a
dashed line. We find that all the emission (WR) lines show
a double peak in the TVS, as expected for RV motions.

To analyse the RV variability, we used all seven spectra.
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Table 3. EWs, FWHMs and RVs of main lines in the spectrum
of the new WR star BAT993a (star1). For EWs and RVs we
give their mean values derived from both Gemini spectra, while
for measurements of FWHMs we used the second spectrum alone
owing to its better quality.

Ao(4) Ton EW(\)® FWHM(\)® RV
(&) (A) (kms™)
3889 He 11 + H8  1.35+0.13 7.37+0.16 311440
3968 He 11 + H7 ~ 1.73+0.17 8.3240.11 271411
4026 He 11 0.56£0.11 5.88+0.15 35348
4100 He 1 + HS ~ 1.67+0.16 8.09+0.14 28546
4144 He 1 0.05+0.03 4.86+£0.35  307+50
4200 He 11 0.4740.11 5.82+0.12 31748
4339 He 11 + Hy  1.49+0.15 7.81£0.11 26846
4388 He 1 0.14+£0.09 5.08+0.35 361435
4471 He 1 0.35+0.08 4.12+0.11 31546
4542 He 11 0.6240.12 6.81:+0.18 26648
4604 N v ~2.5040.28  13.7340.51 19248
4620 N v ~1.50+£0.20  10.50+2.00 219411
4686 He 11 0.02+0.03*  3.28+0.21* 282425
4686 He 11 ~16.3740.68*  31.1040.21*  280£15
4859 He 11 + HB ~ 1.14+0.14*  7.09+£0.15*  244+10
4859 He 1 + HB  ~1.524£0.52*  28.87+4.09*  146+50
4922 He 1 0.11+£0.06 3.43+0.28 30620
4944 N v ~0.5040.13 8.774£0.43  175+21
5412 He 11 0.26+£0.07*  5.36+£0.26*  261+10
5412 He 11 ~2.41+0.83*  54.9142.10*  270+14
5592 O 11 0.11:£0.05 4404021  305+14
5876 He 1 0.50+£0.07 4.64+0.10 31321
6560 He 11 + Ha  0.56+£0.07*  5.08+£0.15*  211+£20
6563 He it + Ho  —12.66£0.86*  47.58+0.79*  177+15
6678 He 1 0.17+0.05 4.66£0.30 30249

“Note that some of the starred EWs and FWHMs are signifi-
cantly affected because of the binary nature of BAT99 3a. The
negative (positive) EWs correspond to emission (absorption)
lines originating from the WR (O) component of BAT99 3a
(see the text for details).

Table 4. EWs, FWHMs and RVs of main lines in the spectrum
of star2 (BOV).

o (A) Ton EW()) FWHM()) RV
(A) (A) (kms™1)

3889 He 1 + H8  1.034+0.01  7.8440.08 298+1
3968 He 1 + H7  3.954+0.08  10.1440.22 461+6
4026 He 1 1.004£0.02  4.7840.07 273+1
4102 Hé 3.71+0.10  10.18+0.30 288+7
4144 He 1 0.55+0.02  4.52+0.13 283+1
4340 Hy 3.71+0.09  10.76+0.29 2906
4388 He 1 0.5240.01  4.28+0.06 274+1
4471 He 1 1.074£0.03  5.5340.15 243+2
4553 Si 11 0.1240.01  3.79+0.22 262+1
4861 Hp 3.4240.06  9.75+0.20 257+4
4922 He 1 0.684+0.01  4.62+0.08 258+1
5740 Si 111 0.08+0.01  4.15+0.32 231+1
5876 He 1 0.7140.02  4.82+0.10 263+1
6563 Ha 2.68+0.09  7.70+0.28 250+4
6678 He 1 0.1840.01  4.14+0.06 238+4

Table 5. Mean RVs of NV AX4604, 4640 emission lines (associ-
ated with the WR star) and of the Balmer and Hell absorption
lines (associated with the O companion star) for seven observa-
tions of BAT99 3a.

HJID RV(Nv) RV(Balmer) RV (Hel)
(kms—1) (kms™1) (kms—1)
2455601.533 21145 267+£18 267+66
2455625.509 200£20 283+31 298+49
2456267.522 211+19 228+13 273+21
2456275.524 360£47 192417 220+£18
2456290.541 24948 217+£29 241424
2456319.300 245£20 233+9 265459
2456321.301 242410 232440 233+55
400 T T T T T T
o

= 350} it ]

] o

&

=

< 300} 1t ]

= 5L ii; ,,,,,, + ,,,,,,,,,

3] SSUUSTTRITINNY N SO S SO

o

'S 2501 1T ]

g 3

kel &) o

g 200} . { o ]

150 L L L L L L
40 60 80 720 740 760

HJD — 2455550

Figure 6. RV changes with time in the spectrum of BAT99 3a.
The average RVs for the Balmer and Hell absorption lines are
plotted with (black) diamonds and triangles, respectively. The
(red) squares are the RVs for the N v AA4604, 4620 emission lines.
The dashed lines are the scatter in RV of the Balmer lines in star 2,
as observed in the second Gemini spectrum.

The RVs for each line were determined by a non-linear fit of
their profile. Only the He 11 AA4686, 4859 emission lines were
not fitted, since they are broad, their profiles are varying in
amplitude and they are blended with absorption lines. We
assume that all the line profiles are close enough to a Voigt
function, even the two NV emission lines at 4604 and 4620
A, for which we get a good fit. The results are listed in
Table[l] and plotted in Fig.[fll We averaged the RV values
for each line series; the absorption Balmer and Hell lines
are plotted with diamonds and triangles, respectively, and
the (red) squares are the RVs for the two NV emission lines.
The dashed lines are the scatter in RV of the Balmer lines
in the spectrum of star 2, as observed simultaneously with
the second spectrum of BAT99 3a at Gemini. The error bars
are assumed to be the rms of the individual measured RVs
within a line type (note that our spectral range includes five
Balmer and four He11 lines well observed). We prefer to plot
the RVs of the N v lines without the errors, since only two
lines were observed with sufficient S/N.

In the top right-hand panel of Fig.[l the observed spec-
tra are placed into the reference frame of the emission lines
(i.e. the WR star). We see that the Hell A4686 line inten-
sity increases near periastron passage. In the TVS, shown at

(© 0000 RAS, MNRAS 000, 000-000
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the bottom right-hand panel of Fig.[5l we see a significant
peak centred on 4686 A. Its blue side is dominated by the
motion of the O star absorption line, but the red one shows
a variable emission excess, which could be attributed to the
emission of a wind-wind collision zone. Unfortunately, the
absorption lines blended with the He 11 emission lines make
this attribution ambiguous.

The additional spectroscopic observations allow us to
confirm that BAT99 3a is a binary system, and that the
absorption lines originate in a massive O companion, not in
the WR star itself. The RV variations show that the binary
is close and eccentric, and that we had the chance to observe
it near the periastron passage in December 2012. Our seven
spectra, however, are not sufficient to determine the orbital
parameters of the system.

We searched for possible photometric variability of
BAT99 3a using the Massive Astrophysical Compact Halo
Object (MACHO) project photometric data base (Alcock et
al. 1999), but none was found. The presence of the O-type
companion to the WR star implies that this system could
be a source of X-ray emission, arising from colliding stellar
winds (e.g. Usov 1992). Unfortunately, the part of the LMC
containing the circular shell was not observed with modern
X-ray telescopes.

Since the majority of massive stars form close binary
systems (e.g. Chini et al. 2012; Sana et al. 2012, 2013), one
can suspect that star2 could be a binary as well. The bad
seeing during the third observation at du Pont, however,
did not allow us to reliably measure RVs for this star and
compare them with those measured in the Gemini spectrum.

5 BAT993A: SPECTRAL ANALYSIS AND
STELLAR PARAMETERS

The spectral analysis was performed using the state-of-the-
art non-LTE Potsdam Wolf-Rayet (PoWR) code. PoOWR is
a model atmosphere code especially suitable for hot stars
with expanding atmospheres. The code solves the radiative
transfer and rate equations in the co-moving frame, calcu-
lates non-LTE population numbers, and delivers a synthetic
spectrum in the observer’s framd . The prespecified wind
velocity field takes the form of a [-law in the supersonic
region. In the subsonic region, the velocity field is defined
such that a hydrostatic density stratification is obtained. A
closer description of the assumptions and methods used in
the code is given by Gréfener, Koesterke & Hamann (2002)
and Hamann & Gréfener (2004). The so-called ‘microclump-
ing’ approach is used to account for wind homogeneities. The
density contrast between a clumped and a smooth wind with
an identical mass-loss rate is described by the clumping fac-
tor D (cf. Hamann & Koesterke 1998). Line blanketing is
treated using the superlevel approach (Gréafener et al. 2002),
as originally introduced by Anderson (1989). We adopt S=1
for the exponent in the g-law. The clumping factor D is set
to 10 for the WR star and to unity for the O star.

A PoWR model atmosphere of a WR star is primarily
characterized by the stellar temperature, T, and the so-
called transformed radius, Ry. T is the effective temperature

11 PoWR models of WR stars can be downloaded at
http://www.astro.physik.uni-potsdam.de/PoWR.html
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of a star with luminosity L and radius R., as defined by the
Stefan-Boltzmann relation L = 4wroc R2T2. The stellar radius
R.. is defined at the Rosseland optical depth Tross=20. Ry is
given by

. 2/3
Rt = R* |: Yoo M\/E :| 5

2500 kms~! / 10=* Mg /yr

where M is the mass-loss rate and Voo 18 the terminal wind
velocity. For O stars, the effective gravity log g, which is
the gravity corrected for the radiative pressure on free elec-
trons, is used instead of R; as a second fundamental quan-
tity.

The model parameters are determined by iterative fit-
ting the spectral energy distribution (SED) and synthetic
normalized spectrum to the observations (see Figs[ll and [§]
respectively). The synthetic composite spectrum used for
BAT99 3a is the sum of two models corresponding to its two
components, weighted according to their relative contribu-
tion to the overall flux. The temperatures are obtained from
the line ratios of different ions, while the mass-loss rate of
the WR component is derived from the strengths of emis-
sion lines. The effective gravity log geg of the O companion
is inferred from the wings of prominent hydrogen lines. The
total luminosity L1 + L2 is determined from the observed
SED, while the light ratio is obtained from the normalized
spectrum. In our case, the effect of the light ratio is most
easily isolated from the other parameters by simultaneously
inspecting lines which clearly originate in one of the compo-
nents, e.g. Hel lines belonging to the O component, or N v
and He Il emission lines from the WR component. Once the
light ratio and total luminosity are known, the individual
luminosities follow.

Fig.[M plots the synthetic SEDs of the best-fit models
for both components of BAT99 3a as well as for star 3. The
total synthetic SED belonging to BAT99 3a and star 3 (red
solid line) is also plotted. The blue squares denote the total
far-ultraviolet (FUV) (Parker et al. 1998), UBVI (Zaritsky
et al. 2004), JH K, (Kato et al. 2007) and IRAC photometry
of BAT99 3a and star 3. The FUV magnitude also includes
a contribution from the nearby B star (star 2). This contri-
bution, however, is insignificant because of the spectral type
of the star. On the other hand, star 2 might somewhat influ-
ence the IRAC 5.8 and 8 pm photometry, which is indeed
implied by the small observed IR excess compared to the
synthetic SED in Fig.[ll Since the JH K, survey by Kato
et al. (2007) resolves BAT99 3a and star 3, we denote the
JH K magnitudes corresponding to star3 only (blue cir-
cles) as well. The corresponding normalized spectra of the
different components are shown in Fig.[8l The contribution
of star 3 is negligible and therefore not shown. The sum of all
model spectra (red dotted line) is further compared with the
Gemini spectrum observed on 2011 February 9 (blue solid
line).

The stellar parameters and abundances used for the
best-fitting WR and O star models are compiled in Table[G]
where we also provide the number of ionizing photons per
second for hydrogen (Qo), Hel (Q1) and He11 (Q2). For the
O star we also give the gravity, log g, and a projected ro-
tational velocity, v sini. The absolute visual magnitudes in-
ferred for the binary components imply a V-band magnitude
difference of AV = 1.89 mag, i.e. the O component con-
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Figure 7. Reddened synthetic spectral energy distributions of the WR (brown dashed line) and O (green dot-dashed line) components
of BAT99 3a, star 3 (purple dotted line), and BAT99 3a + star 3 (red solid line). Blue squares denote the total photometry of BAT99 3a

and star 3, while blue circles denote the photometry of star 3 alone.
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Figure 8. Normalized synthetic spectra of the WR (brown dashed line) and O (green dot-dashed line) components of BAT99 3a, as well
as of BAT99 3a + star 3 (red dotted line). The component spectra are weighted according to their relative contributions to the combined
flux. Star 3 hardly contributes to the flux and is therefore not included. The normalized observed spectrum, taken at Gemini on 2011

February 9, is also shown (blue solid line).

tributes &5.7 times more than the WR component in the
visual band. The H and N abundances for the WR star are
derived from the spectral analysis. The adopted abundances
of the remaining elements, which cannot be derived from the
available spectra, are based on a recent work by Hainich et
al. (2014). For the O component, we adopt typical LMC
abundances (Hunter et al. 2007; Trundle et al. 2007).

For the WR component, we also estimate the initial
mass, M, and age of ~30 My and =<7 Myr, respectively,
using the single star evolutionary tracks from Meynet &

Maeder (2005). To estimate the current mass of the WR
component, Mc,r, we make use of the mass-luminosity re-
lation for homogenous WR stars (Gréfener et al. 2011; see
their equation 11), which is dependent of the hydrogen abun-
dance. If the WR star is indeed homogenous, e.g. because
it is a rapid rotator (Heger & Langer 2000), our analysis
implies a hydrogen abundance in the stellar core of ~0.2,
and the resulting Mcy, is 23 M. More likely, however, the
core is almost depleted of hydrogen, which would imply that
Meyy is 14 Mg. Since rotational velocities of WR, stars are

(© 0000 RAS, MNRAS 000, 000-000
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Table 6. Stellar parameters for the WN3 and O-type components
of BAT99 3a.

WN3 06V
T. [KK] 89 38
log Rt [Ro] 1.0 —
log g [cms™2] — 3.73
log gogr [cms™2] — 3.60
log L [Lo) 5.45 5.20
Voo [kms™1] 1800 2500
D 10 1
R. [Ro] 2.23 9.20
log M [Mg yr—1] —5.8 —-7.0
log Qo [s71] 49.4 48.82
log Q1 [s71] 49.2 47.79
log Q2 [s71] 46.2 42.31
vsing [kms™1] — 80
E(B — V) [mag] 0.18 0.18
Ay [mag] 0.56 0.56
Ry 3.1 3.1
My [mag) —2.86 —4.75
H (mass fraction) 0.20 0.73
He (mass fraction) 0.80 0.27
C (mass fraction) 0.7x107* 4.7x107%
N (mass fraction) 0.008 7.8 x107°
Fe (mass fraction) 7.0 x 10~% 7.0 x 104

poorly understood at present and were claimed to be indi-
rectly observed only in a few WR stars (Chené & St-Louis
2005, Shenar et al. 2014), we may merely conclude that My,
lies somewhere between these two extremes. The relatively
large RV amplitude of the WR component in comparison
with the primary O star (see Table[] and Fig.[Gl), however,
suggests a value closer to 14 My than to 23 M.

On the other hand, the single star evolutionary tracks
from Kohler et al. (in preparationE give for the O star an
initial mass and age of ~30 My and ~3 Myr, respectively.
The latter figure is much smaller than the estimated age of
the WR star of 7 Myr, which implies that there was mass
transfer in the binary system and that the O star is a rejuve-
nated mass gainer (e.g. Schneider et al. 2014), and that M;
of the WR star cannot be estimated from single star models.
For Mgy, = 14 Mg, one can expect that M; of the WR star
was about 40 Mg (Wellstein & Langer 1999), which would
imply an age of this star of ~6 Myr. What is unexpected in
the above consideration is to have a large eccentricity of the
binary system after the mass transfer. This could, however,
be understood if the system was kicked out of the parent
star cluster (after the mass transfer was completed) either
because of dynamical encounter with another massive (bi-
nary) system or due to dissolution of a multiple system (cf.
Section[).

While it is not possible to quantify the detailed stellar
parameters of star 3 with the current data, the photomet-
ric data imply that this star is highly reddened. With no
indications for a later-type star in the available spectrum,
we conclude that star 3 is of O or B type. In Fig.[1 we illus-
trate that the observed photometry is consistent with the

12 See also http://bonnsai.astro.uni-bonn.de
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SED typical of an O8.5V star with an adopted colour ex-
cess E(B — V)=1.75 mag (cf. Sect.[D).

Since the O component of BAT99 3a does not show clear
evidence for wind lines in the available spectra, a spectro-
scopic calculation of its ve and M is not possible. Never-
theless, M can be constrained because larger values would
lead to observable effects on the spectrum. The value of M
given in Table[f] for the O component should therefore be
considered as an upper limit. As no information regarding
Voo Of the O component is available from its spectrum, we
merely adopt a value typical of stars of similar spectral type
(see Table[fl), based on the work by Mokiem et al. (2007).

For the Galactic interstellar reddening, we adopt a
colour excess of E(B—V)=0.03 mag. To model the LMC in-
terstellar reddening, we assume the reddening law suggested
by Howarth (1983) with Ry =3.1. The best fit to the whole
SED was achieved with E(B —V)=0.18 mag, which is com-
parable to that of 0.22 mag derived for star 2 in Section[3.2.21
On the other hand, a similar fit to the SED could also be
obtained with a colour excess of 0.12 mag if the luminosities
of the two companions are both reduced by 0.1 dex. This
E(B — V) is closer to the one obtained from the analysis
of the circular shell (see Section[d]). Future UV observations
should enable a much more precise determination of the lu-
minosities and redenning.

A comparison of the stellar parameters of the WR com-
ponent with the almost complete sample of the WR stars in
the LMC (Hainich et al. 2014) reveals that the analyzed WR
star is one of the hottest WR stars in the LMC. While Qo
and Q1 of the WR component are comparable to those of its
O companion, the number of Hell ionizing photons is four
orders of magnitude larger, placing BAT99 3a among the
strongest HelI ionizing sources in the LMC. This is in very
good agreement with the unique signature of He I1 emission
observed in the circular shell, as discussed in Section[6l

6 CIRCULAR SHELL
6.1 Circular shells around WR stars

Johnson & Hogg (1965) were the first who noted association
of WR stars with filamentary shells and suggested that they
are the result of interaction between the material ejected
from the stars and the interstellar matter (cf. Avedisova
1972). This suggestion was further elaborated to take into
account the interaction of the WR wind with the circum-
stellar material shed during the preceding red supergiant
or LBV stages (e.g. D’Ercole 1992; Garcia-Segura, Langer
& Mac Low 1996a,b; Brighenti & D’Ercole 1997). The cir-
cumstellar shells produced in this process show signatures
of CNO-processing (e.g. Esteban et al. 1992; Stock, Barlow
& Wesson 2011) and are associated exclusively with WNL
stars (e.g. Lozinskaya & Tutukov 1981; Chu 1981; Gruendl
et al. 2000; Gvaramadze et al. 2010a), i.e. the very young
WR stars, whose winds are still confined within the re-
gion occupied by the circumstellar material or only recently
emerged from it (Gvaramadze et al. 2009; Burgemeister et
al. 2013). The size and crossing time of this region deter-
mine the characteristic size and lifetime of the circumstel-
lar shells, which are typically several pc and several tens of
thousands of years, respectively. The winds of more evolved
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Figure 9. MCELS2 Ha image of the circular shell. BAT99 3a
and star 2 are clearly resolved in the image. At the distance of
the LMC of 50 kpc, 20 arcsec corresponds to /4.8 pc.

(WNE) WR stars interact directly with the local interstel-
lar medium and create new, generally more extended shells.
Correspondingly, the chemical composition of these inter-
stellar shells is similar to that of ordinary H1I regions (e.g.
Esteban et al. 1992; Stock et al. 2011).

Since the WR component of BAT99 3a is of WNE type,
it is natural to expect that its associated shell should consist
mostly of interstellar matter. In Section[6.3] we support this
expectation by an analysis of the long-slit spectra of the
shell obtained with the Gemini and du Pont telescopes and
the SALT.

6.2 Hoa imaging of the shell

Before discussing the long-slit spectra, we present an Ha
image of the shell obtained as part of the Magellanic Clouds
Emission Line Survey 2 (MCELS2; PI: Y.-H. Chu). This sur-
vey used the MOSAIC 11 camera on the Blanco 4-m telescope
at the Cerro Tololo Inter-American Observatory (Muller et
al. 1998) to image the entire LMC and SMC in the H-alpha
line only. The region of the LMC containing the shell was
observed on 2008 December 12 with three dithered 300 s ex-
posures, through a 80 A bandwidth filter centred at 6563 A.
The image was overscan, crosstalk, bias, and flat-field cor-
rected using standard routines in IRAF. An astrometric solu-
tion and distortion correction were obtained by comparison
to 2MASS Point Source Catalog (Skrutskie et al. 2006), and
have a typical accuracy of =150 mas.

The Ha image of the shell is presented in Fig.[@ The
shell appears as an incomplete circle bounded on the east-
ern side by two concentric arc-like filaments, separated from
each other by ~4 arcsec (or ~1 pc), and on the northern
side by a thick amorphous arc. There is no distinct limb-
brightened emission in the southwest direction, but the shell
can still be discerned because of a diffuse emission filling its
interior. BAT99 3a and star 2 are clearly resolved in the im-

age. The lopsided appearance of the shell and the off-centred
position of the stars suggest that the ambient medium is
denser in the eastern direction, which is consistent with the
presence of a prominent H 11 region in this direction (cf. Sec-
tion[2 and see also the next section).

6.3 Spectroscopy of the shell

All long-slit spectra obtained with the Gemini and du Pont
telescopes and the SALT show numerous emission lines
along the whole slit. Intensities of these lines depend on
weather conditions and the slit’s PA. Some of the lines show
spatial correlation with the shell. Below we analyse the ob-
tained spectra to understand the origin of the shell.

6.3.1 Long-slit spectra of the shell

For the analysis of physical conditions and elemental abun-
dances in the shell all long-slit spectra were re-reduced in the
same manner and corrected for the night-sky background
and emission from the fore/background H1l region using
spectral data outside the area of radius of 25 arcsec cen-
tred on BAT99 3a. The finally reduced SALT relative flux
distribution for the WN star was used to construct the sen-
sitivity curve for the du Pont data. Since the spectra were
obtained under different weather conditions, only some of
them show diagnostic lines with a good enough S/N ratio.
For this reason, only the first Gemini, the second du Pont
and both SALT spectra (see Table[2) were used in our fol-
lowing analysis.

One-dimensional (1D) spectra of the shell were ex-
tracted from the area of radius of 15 arcsec centred on
BAT99 3a with the central +3 arcsec excluded to avoid the
effect of BAT99 3a and star 2. The final 1D du Pont and
SALT spectra with all identified emission lines are presented
in Fig.[TQ] We do not show the Gemini spectrum because of
its much worse quality caused by poor weather conditions
during the observing run.

All spectra show the nebular He1l A4686 emission as-
sociated with the shell (see below). Only few such high-
excitation nebulae are known in the Local Group (e.g. Gar-
nett et al. 1991; Nazé et al. 2003; Pakull 2009; Kehrig et al.
2011) and most of them are associated with WNE, WC and
WO stars, i.e. with WR stars capable of ionizing He11.

Emission lines in the spectra of the shell were measured
using programs described in detail in Kniazev et al. (2004,
2005). These programs determine the location of the con-
tinuum, perform a robust noise estimation, and fit separate
lines by a single Gaussian superimposed on the continuum-
subtracted spectrum. Some overlapping lines were fitted si-
multaneously as a blend of two or more Gaussian features:
the Hoe A6563 and [N 11] AN6548, 6584 lines, the [S11] ANGT16,
6731 lines, and the [O1] A6300 and [S111] A6312 lines.

Table[Mlists the observed intensities of all detected lines
normalized to HB, F(\)/F(Hp). To have independent esti-
mates of the shell parameters, we combined the Gemini and
du Pont data and analysed them separately from the SALT
ones. The relative intensities of lines detected both in the
Gemini and du Pont spectra, e.g. Hy, [O 111] A4363 and [O 111
AA4959, 5007, are consistent with each other within the indi-
vidual rms uncertainties (see columns 2 and 3 in Table[7)) so

(© 0000 RAS, MNRAS 000, 000-000
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Figure 10. 1D reduced spectra of the circular shell obtained with the SALT and du Pont telescopes (the du Pont spectrum is shifted
downwards by 20 counts). All detected emission lines are marked.

Table 7. Line intensities of the shell.

Gemini du Pont Gemini+du Pont SALT

Ao(A) Ton F(N)/FHB)  F(A)/F(HB) I(X\)/1(HB) F(N)/FHB)  1(A)/I(HB)
3727 [O 11] — 0.75540.055% 0.83940.064 0.7554+0.055  0.817+0.061
3868 [Ne 111 — 0.42040.011 0.45840.012 0.3964+0.024  0.423+0.026
3967 [Ne 1i]+H7 — 0.22240.013 0.24040.015 — —
4101 Ho — 0.19440.006 0.20740.007 0.2154+0.029  0.226+0.031
4340 H~ 0.50840.029 0.45340.011 0.47240.012 0.4204+0.017  0.434+0.017
4363 [O 111 0.06640.017 0.06940.004 0.07240.005 0.05940.009  0.061£0.009
4471 He 1 — 0.03040.002 0.03140.002 0.02940.011  0.029+0.011
4686 He 11 0.07140.014 0.07140.004 0.07240.004 0.0624+0.019  0.062+0.020
4712 [Ar 1v]+He 1 — 0.02640.003 0.02640.003 — —
4861 HB 1.000+0.039 1.000+0.030 1.000+0.030 1.000+0.043  1.00040.043
4959 [O 111] 2.449+0.076 2.423+0.055 2.406£0.055 2.317£0.080  2.30440.079
5007 [O 1] 7.22140.219 7.251+0.163 7.172+0.161 6.77140.213  6.713+0.212
5876 He 1 0.11440.012 — 0.10640.011 0.1334+0.018  0.126+0.018
6300 [O 1] — — — 0.0354+0.005  0.033+0.005
6312 [S 1] — — — 0.02040.005  0.019+0.004
6548 [N 11] 0.04640.010 — 0.0424-0.009 0.05440.004  0.049+0.004
6563 Ha 3.17040.092 — 2.859+0.090 3.10240.097  2.852+0.097
6584 [N 11] 0.14840.013 — 0.13440.012 0.1634+0.009  0.149+0.008
6678 He 1 — — — 0.06040.025  0.055+0.023
6716 [S 11] 0.26440.021 — 0.23740.019 0.19440.008  0.177+0.007
6731 [S 1] 0.20040.019 — 0.17940.017 0.14240.006  0.129+0.006
7065 He 1 — — — 0.01940.012  0.017+0.011
7136 [Ar 111 — — — 0.11240.017  0.100+£0.015
C(Hp) dex 0.14+0.04 0.11£0.04

E(B —V) mag 0.10+0.03 0.08+0.04

“Based on the SALT data.

© 0000 RAS, MNRAS 000, 000-000
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that in the analysis based on the Gemini+du Pont data, we
used the blue (<5876 A) lines from the du Pont spectrum
only and the red lines from the Gemini one. The combined
SALT data cover the total spectral range 3700—7200 A. The
bluest (<4200 A) and reddest (>6700 A) lines in this data
set have the largest relative errors because these lines were
covered by only one observation (see Table[2). Since the
Gemini+du Pont data set does not contain any of the O
lines required to derive the O /H' abundance, we added
to these data the intensity of the [O11] A3727 line from the
combined SALT spectrum (see Table[T).

Table[] also lists the reddening-corrected line intensity
ratios, I(\)/I(HB), and the logarithmic extinction coeffi-
cient, C'(Hp). The extinction coefficients derived from both
sets of data (Gemini+du Pont and SALT) are consistent
with each other and correspond to E(B — V)=0.08—0.10
mag, which is a factor of two less than the colour excess de-
rived for BAT99 3a and star 2 from the spectral analysis and
photometry, respectively (see SectionsBland B:2Z2]). Since the
spectra of the shell do not show any significant continuum
(see Fig.[T0), we assumed in our calculations that EW of un-
derlying absorption in Balmer hydrogen lines is =0 A (cf.
Kniazev et al. 2004, 2005).

6.3.2 Physical conditions and elemental abundances

To estimate the parameters of the shell, we used the tech-
nique of plasma diagnostics in the way described in full de-
tail in Kniazev et al. (2008b). The electron temperature,
T.([O11]), was calculated using the weak auroral line of
oxygen [O111] A4363, while the electron number density,
ne([S11]), was derived from the intensity ratio of the [S1i]
AN6T716, 6731 lineE. The estimates of n. based on the two
data sets are consistent with each other and are typical of
Hu regions and interstellar shells around WR stars (e.g.
Esteban et al. 1992; Stock et al. 2011).

From the observed emission lines, we determined the
abundances of O, N and Ne using the Gemini+du Pont
data and those of O, N, Ne, S, Ar and He using the SALT
data. As described in Kniazev et al. (2008b), we calculate
ionic abundances, the ionization correction factors (ICFs)
and total element abundances using system of equations
from Izotov et al. (2006), which are based on sequences
of photoionization models and used the new atomic data
of Stasiiska (2005). These abundances along with directly
calculated Te, ne, ICFs for different elements, and total ele-
mental abundances are listed in Table[8] where we also give
the LMC abundances from Russel & Dopita (1992). Table[§]
also shows T¢([O11]) and T.([S 111]), calculated using approx-
imations from Izotov et al. (2006). We used T¢([S111]) for the
calculation of S**/HT and Ar?"/HT abundances. The de-
tection of a strong nebular He 11 A4686 emission implies the
presence of a non-negligible amount of O*", whose abun-
dance can be derived in the way described in Izotov et al.
(2006).

The helium abundance was derived in the manner de-
scribed in detail in Izotov & Thuan (1994), Izotov, Thuan &

13 Although the [Ar1v] AN4711, 4740 doublet is also present in
the du Pont spectrum of the shell, we did not use it for density
evaluation because of its weakness.

Lipovetsky (1994) and Izotov, Thuan & Lipovetsky (1997).
The new fits from Benjamin, Skillman & Smith (2002) were
used to convert He1 emission line strengths to singly ionized
helium abundances.

One can see that the shell abundances derived from
both data sets are consistent with each other and the LMC
ones within the error margins, which implies the absence of
N and He enrichment of the shell and suggests that it is
mainly composed of material swept-up from the local inter-
stellar medium.

6.3.3 Position—velocity diagrams along the slit

To study the gas kinematics around BAT99 3a and star 2,
we calculated the distribution of the heliocentric radial ve-
locity, Vhel, along the slit using both Gemini spectra and the
method and programs described in Zasov et al. (2000). To
exclude possible systematic shifts, the closest bright night
sky line [O1] A\6363 A was used. To match the scale along
the slit with the seeing during the observations, the spec-
tra were rebinned from 0.073 to 0.4 arcsec pixel!. Finally,
only those velocity measurements were used which satisfy
the criteria S/N >3 and 0, < 5 kms™?'.

The upper panels in Fig.[IT] plot the Ha intensity and
Vhel distributions along the slit for both Gemini spectra, ob-
tained for PA=125° (left-hand panel) and PA=22°. In both
cases, the Ha emission appears everywhere along the slit,
but its intensity shows clear correlation with the shell (see
the bottom right-hand panel for the MCELS2 Ha image of
the shell with the slit positions for the Gemini observations
shown by dashed lines). Particularly, it has two peaks in the
southeast direction (at ~8 and 13 arcsec from BAT99 3a),
which correspond to the two arcs on the eastern side of the
shell. In the northwest direction, the Ha emission peaks at
~18 arcsec, which is consistent with the greater extent of
the shell in this direction. One can also see that Vj,e is quite
uniform within the shell and in the southeast and southwest
directions, and does not show a distinct correlation with the
Ha intensity peaks. On the other hand, there is a noticeable
increase of Vie in the northwest direction, and to a lesser
extent in the northeast one, suggesting that the shell might
have a blister-like structure.

The bottom left-hand panel in Fig.[IT] plots intensity of
the He1r A4686 line along the slit (indicated in the bottom
right-hand panel by a solid line with PA=90°) for the du
Pont spectrum taken on 2012 December 13. One can see
that the Hell emission shows a good correlation with the
shell. Like the Ha emission, it is the brightest on the east-
ern edge of the shell and extends to a larger angular distance
in the western direction. On the other hand, the He1l emis-
sion is concentrated only in the shell, which implies that the
He 111 region is trapped by the shell. It is instructive, there-
fore, to derive the effective temperature of the WR star by
applying the Zanstra method (Zanstra 1927). With I(He1
M686)/1(HB)~0.07 (see Table[l) and using equation (1) in
Kaler & Jacoby (1989), one finds Teg~95 kK, which agrees
fairly well with the temperature derived in Section[H (see
Table[d).

(© 0000 RAS, MNRAS 000, 000-000



Table 8. Elemental abundances in the shell.
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Quantity Gemini+du Pont SALT LMC*
Te([O 1)) (K) 11,6004300 11,200-£600
Te([O11])(K) 12,0004£200 11,4004200
Te([S 1)) (K) — 11,300£760
ne([S1])(cm—3) 901200 50199
Ot /H*(x10°) 1.61540.144 1.94240.189
Ot++/Ht(x10°) 16.200+1.211 17.060+2.812
Ot++/H+(x10%) 1.34940.178 0.696+0.377
O/H(x10%) 19.160+1.779 19.700+2.843
124+1og(O/H) 8.284-0.03 8.29+0.06 8.354-0.06
N+/H*(x107) 15.870+1.382 20.61041.253
ICF(N) 9.789 8.583
N/H(x10%) 1.554+0.14 1.7740.11
12+1og(N/H) 7.1940.04 7.25+0.06 7.1440.15
Net+/H*(x10°) 2.84140.256 2.99940.608
ICF(Ne) 1.073 1.046
Ne/H(x10°) 3.054:0.28 3.1440.64
124+1og(Ne/H) 7.4840.05 7.504-0.09 7.61-+0.05
St/HT(x107) — 5.119+0.245
S+t /HT(x107) — 25.950+9.201
ICF(S) — 2.179
S/H(x107) — 67.71+£20.06
12+log(S/H) — 6.834:0.13 6.704-0.09
Art+/HT(x107) — 6.95241.466
ICF(Ar) — 1.240
Ar/H(x107) — 8.6241.82
124+1og(Ar/H) — 5.94-+0.09 6.29+0.25
1241og(He/H) — 10.9740.05 10.94+0.03

“The LMC abundances are from Russell & Dopita (1992).

6.4 Origin of the shell

In Section6.3.2] we found that the chemical composi-
tion and electron number density of the shell are sim-
ilar to those measured for HIl regions and interstellar
shells around WR stars, which implies that the shell orig-
inated because of interaction between the WR wind and
the local interstellar medium{™. This implication can be
further supported by using diagnostic diagrams, which
allow to classify emission-line nebulae on the basis of
line ratios (see e.g. Kniazev, Pustilnik & Zucker 2008a;
Frew & Parker 2010, and references therein). With ratios
log(I(Ha)/I([N11] AN6548,6584))=1.21, log(I(Ha)/I([S11]
AAN6717,6731))=0.84, and log(I([O111] A5007)/I(H/))=0.86,
the shell is located in the region occupied by H1l regions
and interstellar shells around Magellanic Cloud WR stars
(see fig. 4 in Frew & Parker 2010). We therefore conclude
that the circular shell is a wind-blown structure photoion-
ized by its central stars.

We speculate that the two-arc morphology of the shell
could be caused by a sharp density gradient along the line-

14 Note that the total mechanical luminosity of the O compo-
nent of BAT99 3a and star 2 constitutes about 10 per cent of the
mechanical luminosity of the WN3 star.

© 0000 RAS, MNRAS 000, 000-000

of-sight, resulting in blow-up of the shell in the transverse
direction as it entered in the region of lower density. This,
along with the brightness asymmetry of the shell and the
displacement of its central stars, provides support to the
possibility that the shell is associated with a blister-like,
wind-driven bubble.

7 DISCUSSION AND CONCLUSION

There is mounting evidence that massive stars form in a clus-
tered way (Gvaramadze et al. 2012b and references therein).
Subsequently, some of them found themselves in the field be-
cause of dynamical few-body encounters (Poveda et al. 1967;
Gies & Bolton 1986), binary-supernova explosions (Blaauw
1961; Stone 1991) and cluster dissolution caused by gas ex-
pulsion (Tutukov 1978; Kroupa, Aarseth & Hurley 2001).
The discovery of two massive and therefore rare stars, one
of which in its turn is a massive binary system, at ~0.5 pc
in projection from each other, gives rise to the question of
their physical relationship.

A chance projection along the same line-of-sight of
physically unrelated massive field stars can be rejected to a
considerable degree of reliability. Although such projections
might be common in the vicinity of massive star clusters,
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Figure 11. Upper panels: Ha line intensity and velocity profiles along the slit for two Gemini observations with PA=125° (left-hand
panel) and PA=22°. SE-NW and NE-SW directions of the slit are shown. The solid vertical line corresponds to the position of BAT99 3a,
while the dashed vertical lines (at +3 arcsec from the solid one) mark the area, where the radial velocity was not measured because of the
effect of BAT99 3a and star 2. Bottom left-hand panel: He 11 A4686 line intensity profile along the slit for the second du Pont observation
with PA=90°. E-W direction of the slit is shown. The solid vertical line corresponds to the position of BAT99 3a. The solid horizontal
line shows the background level and the dotted horizontal ones show £1o of the background noise. All data are background subtracted.
Bottom right-hand panel: MCELS2 Hea image of the circular shell with the slit positions for the three above-mentioned observations
indicated. Dashed lines correspond to the Gemini slits and the solid one to the du Pont slit. Concentric, dashed circles are over-plotted
on the image to make its comparison with the Ha and He Il A4686 line intensities and Ha velocity profiles more convenient.

they are highly improbable in the field (cf. Gvaramadze &
Menten 2012). One can envisage two possible explanations
of the close proximity of BAT99 3a and star 2.

Firstly, these two stars might be members (at least in
the recent past) of a runaway triple (or higher multiplicity)
hierarchical system, which became unstable and dissolved
into a binary system (now BAT99 3a) and a single unbound

star (star2) in the course of evolution of its most massive
component(s) (e.g. Gvaramadze & Menten 2012). If this is
the case, then the brightness asymmetry of the shell and
the offset of the stars towards its brightest portion could be
because of the eastward motion of the system. For a typi-
cal space velocity of runaway stars of several tens of kms™!
and assuming that the system was ejected ~6 Myr ago (i.e.

(© 0000 RAS, MNRAS 000, 000-000
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soon after its formation in the parent cluster), one finds
that the cluster should be at ~100—200 pc away. Proceed-
ing from this, we searched for known star clusters to the
west of the shell and found two open clusters, [HS66] 49 and
IC2111, at ~ 41 and 92 pc in projection, respectively (cf.
Gvaramadze et al. 2012c). The age of the former cluster is
unknown, while that of the latter one is 6+1 Myr (Wolf et
al. 2007), i.e. consistent with the age of the WN3 star of ~6
Myr (see Sectionfd]). The runaway scenario, however, implies
that the circular shell should be of circumstellar origin (cf.
Lozinskaya 1992; Danforth & Chu 2001; Gvaramadze et al.
2009), which is inconsistent with the normal chemical com-
position of the shell. It is likely therefore that the lopsided
appearance of the shell and the displacement of its central
stars are simply because of the eastward density gradient of
the ambient medium (cf. Sections[2 and [G]).

Secondly, BAT99 3a and star 2 could be members of a
yet unrecognized star cluster. Observational and theoreti-
cal arguments suggest that star clusters are formed in com-
pact configurations with the characteristic radius of <1 pc,
which is independent of cluster mass (Kroupa & Boily 2002).
This makes them hardly resolved in the Magellanic Clouds,
where 1 pc corresponds to ~3—4 arcsec. Indeed, some of
the brightest stars in these galaxies are today known to be
star clusters (e.g. Weigelt & Baier 1985; Walborn et al. 1995,
1999; Heydari-Malayeri et al. 2002). Moreover, the detection
of young star clusters could additionally be hampered be-
cause of heavy obscuration by dust in their parent molecular
clouds. Some members of these embedded clusters, however,
could be visible in optical wavelengths if they were dynam-
ically ejected out of the obscuring material (Gvaramadze et
al. 2010b, 2012b) and/or if they are located in a favourably
oriented blister-like H 11 region on the near side of the natal
cloud (cf. Gvaramadze et al. 2011c). It is possible that just
this situation takes place in the case of BAT99 3a and star 2
(cf. Section[]), and that their cousins in the parent cluster
are hidden by obscuring material along our line-of-sight.

We found some support to this possibility in the JH K
survey of the Magellanic Clouds by Kato et al. (2007). As
we already noted in Section[2] this survey resolved BAT99 3a
into two stars separated by 1 arcsec from each other (see
Fig.2land Table[l]). Assuming that star 3 is a massive mem-
ber of the same cluster as BAT993a and star2, one can
derive the K-band extinction towards it using the J and K
magnitudes from Table[l] and the relationship:

Ax =0.66[(J — K) — (J — K)o], (2)

where K=K,+0.04 mag (Carpenter 2001). For the intrinsic
(J — K)o colour of —0.21 mag (typical of O stars; Martins
& Plez 2006), we found Ax=0.61 mag and the absolute K-
band magnitude Mg = —3.39 mag, which corresponds to an
08.5V star (Martins & Plez 2006). Then using My =—4.25
mag (Martins & Plez 2006) and Ay = Ak /0.112 (Rieke
& Lebofsky 1985), we found Ay=>5.42 mag and the visual
magnitude of star 3 of V'~19.7 mag. The latter two estimates
imply that the extinction towards the putative cluster is
variable, which is often the case in young star clusters (e.g.
Sagar, Munari & de Boer 2001; Espinoza, Selman & Melnick
2009), and that the contribution of star3 to the (optical)
spectrum of BAT99 3a is negligible (cf. SectionfH]).

To conclude, follow-up IR spectroscopy of star3 is
highly desirable to confirm its status as an O star and to

© 0000 RAS, MNRAS 000, 000-000

prove the existence of a star cluster possibly associated with
BAT99 3a and star 2. The latter in its turn would provide
one more piece of evidence that massive stars form in a clus-
tered mode.
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