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ABSTRACT

MWC 314 is a bright candidate luminous blue variable (LBV) that resides in a fairly close
binary system, with an orbital period of 60.753 + 0.003d. We observed MWC 314 with
a combination of optical spectroscopy, broad-band ground- and space-based photometry, as
well as with long baseline, near-infrared interferometry. We have revised the single-lined
spectroscopic orbit and explored the photometric variability. The orbital light curve displays
two minima each orbit that can be partially explained in terms of the tidal distortion of the
primary that occurs around the time of periastron. The emission lines in the system are often
double-peaked and stationary in their kinematics, indicative of a circumbinary disc. We find
that the stellar wind or circumbinary disc is partially resolved in the K'-band with the longest
baselines of the CHARA Array. From this analysis, we provide a simple, qualitative model
in an attempt to explain the observations. From the assumption of Roche Lobe overflow and
tidal synchronization at periastron, we estimate the component masses to be M; ~ 5 Mg and
M, =~ 15 M@, which indicates a mass of the LBV that is extremely low. In addition to the orbital
modulation, we discovered two pulsational modes with the MOST satellite. These modes are
easily supported by a low-mass hydrogen-poor star, but cannot be easily supported by a star
with the parameters of an LBV. The combination of these results provides evidence that the
primary star was likely never a normal LBV, but rather is the product of binary interactions.
As such, this system presents opportunities for studying mass-transfer and binary evolution
with many observational techniques.

Key words: binaries: close —stars: early-type —stars: individual: MWC 314 —stars: mass-
loss —stars: variables: S Doradus — stars: winds, outflows.

1 INTRODUCTION

Massive stars provide much of the energy input in the Universe.
Their high mass-loss rates and supernova explosions provide im-
portant feedback to the star formation processes and total energy
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input of galaxies. Recent advances in stellar modelling (e.g. Groh
et al. 2013) show that the supernova progenitors for core collapse
supernovae come in many different types that include red super-
giants (RSG), blue supergiants (BSG), Wolf-Rayet (WR) stars, and
luminous blue variables (LBVs).

Massive stars tend to be found primarily in binary systems. The
O stars are thought to have a bound companion about 75 per cent
of the time, with most of the exceptions being runaway stars (e.g.
Mason et al. 2009). Mason et al. found that O stars in clusters and
associations have companions at least 60—80 per cent of the time.
Their sample focused on high angular resolution techniques, but
also incorporated spectroscopic results. Sana et al. (2012) showed
that 71 per cent of O stars will have a binary interaction during
their lives. They found that only 29 per cent of the O stars are
effectively single (either very-long period binary stars or actually
single), meaning that evolutionary models that do not incorporate
binary effects will have limited applicability.

LBVs are among the most unusual classes of massive stars. They
have attained a highly luminous, unstable state that shows remark-
able mass-loss and variability. The normal mass-loss rates range
between 1076 and 10~* M yr~!, which has typically led to the con-
clusion that these objects are post-main sequence, hydrogen-shell-
burning massive stars that represent the transitionary phase between
the main-sequence O stars and the helium-burning WR stars (e.g.
Humphreys & Davidson 1994; van Genderen 2001). However, the
recent analysis by Groh et al. (2013) shows that lower initial mass
stars (2025 M) can become LBV after the RSG phase, and then
explode as Type II supernovae during the final LBV phase.

With a large binary fraction for the main-sequence O stars, one
may also expect to see a high binary fraction in the post-main
sequence massive stars. However, the binary fraction for WR stars
is low (40 per cent) as noted by Vanbeveren & Conti (1980). An
examination of the multiplicity and binarity of LBVs was reported
by Martayan et al. (2012) who reported a remarkably low binary
fraction of only 11 per cent. There are only four well-studied LBV
binary systems: n Carinae (e.g. Richardson et al. 2010; Madura
et al. 2013 and references therein), MWC 314 (Lobel et al. 2013,
hereafter L.13), HD 5980 (e.g. Koenigsberger et al. 2010), and R
81 (HDE 269128; Tubbesing et al. 2002). n Car is by far the most
studied of all these binary systems, but analyses of both  Car and
the other systems have not produced reliable, model-independent
masses yet. For example, in the R 81 system, a clear eclipse is seen
in the light curve while the primary is in front of the secondary in
our line of sight, but the secondary eclipse is small, and similar in
amplitude to the pulsations in the system. The masses of both stars
are only known to a factor of ~2, which does not provide much
insight into the masses of these evolved massive stars (Tubbesing
et al. 2002). HD 5980 shows orbital variations due to both colliding
winds and binarity, and the system shows long-term evolution in
its light curve similar to that of other LBVs (Koenigsberger et al.
2010), but the spectrum reveals that the two stars both appear as
WNh stars (WR stars showing nitrogen-enrichment and hydrogen).
This makes the temperature of HD 5980 hotter than all other LBV
so a determination of its mass may not be typical of LBVs. MWC
314 is unique in that the orbital period is semi-short (60.8 d), it
is well placed in the sky (§ = +14°), and bright enough to allow
high-resolution studies of the star and its environs with multiple
observing techniques.

MWC 314 (BD+14 3887, V1429 Aql, Hen 3-1745) has been
examined in a few key studies, which were largely reviewed in the
recent work of L13. Miroshnichenko (1996) found the star to be
of high luminosity, exhibit a strong interstellar reddening, and to
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have a similar luminosity to the prototypical LBV, P Cygni. Mirosh-
nichenko et al. (1998) then determined the spectral characteristics
and found it to be very similar to P Cygni, with an estimated distance
of 3.0 £ 0.2 kpc. Wisniewski et al. (2006) presented a long-term
spectropolarimetric and spectroscopic study of MWC 314, finding
the first evidence of H « variability. They found that the polarization
was variable in a way reminiscent of an asymmetric wind. MWC
314 was shown to be a spectroscopic binary by Muratorio, Rossi &
Friedjung (2008), but they underestimated the orbital period. L13
measured absorption lines of Su and Ne1, which are thought to
be photospheric, and found the system to have a 60.8 d orbit with
a small eccentricity of e = 0.23. They also demonstrated that the
V-band photometry from the All Sky Automated Survey (ASAS) is
modulated on the orbital time-scale, and their interpretation of the
light curve includes two partial eclipses.

L13 used amodel of the single-lined spectroscopic radial velocity
orbit and photometric light curve to help estimate the mass ratio and
system parameters. They found that the primary star had typical
parameters for an LBV, with T = 18000 K, logg = 2.26, M ~
40Mp), and R >~ 87R(. The secondary star’s parameters were
very unusual in that they suggest the companion is a yellow giant.
This interpretation is inconsistent from an evolutionary standpoint
because the secondary should not be able to reach an advanced
evolutionary state (cool temperature) given the short lifetime of the
evolved primary star. Liermann et al. (2014) present NIR K-band
spectrophotometry of MWC 314 and some Ble] stars. Several of
these stars show CO spectral features that would be consistent with
a companion similar to that suggested by L13, but MWC 314 does
not show these features.

L13 also developed a three-dimensional wind model to create
synthetic He1 wind lines for comparative purposes showing some
evidence for an asymmetric wind, which was further developed by
Lobel et al. (2015). This asymmetric wind has a density enhance-
ment on the leading hemisphere of the LBV that feeds gas into a
circumbinary disc. Further, they obtained an image of the H & emis-
sion nebula surrounding the star which shows a bipolar structure on
large scales (Marston & McCollum 2008), but appears spherically
symmetric at small scales of a few arcseconds.

In this paper, we present a variety of new observations (spec-
troscopy, photometry, and long-baseline near-infrared interferome-
try) of the MWC 314 system, which is described in Section 2. In
Section 3, a revised single-lined orbit based upon new spectroscopy
and the work of L13 is presented and discussed. Section 4 discusses
the orbital light-curve, as well as the discovery of pulsational modes.
Our interferometric results are presented in Section 5. In Section 6,
we present a general discussion of the system with respect to the
fundamental parameters, pulsations, and the interferometric results.
‘We conclude our study in Section 7.

2 OBSERVATIONS

2.1 Spectroscopy

We observed MWC 314 with a variety of telescopes and instru-
ments with the primary goal being to better constrain the single-
lined orbit. The telescopes used include the CTIO 1.5 m operated
by the SMARTS Consortium, the Observatoire du Mont Mégantic
(OMM) 1.6 m, McDonald Observatory’s Struve 2.1 m and Harlan
Smith 2.7 m, the Mercator 1.2 m, and the San Pedro Martir 2.1 m
telescopes. All observations were reduced using standard tech-
niques for long-slit or echelle spectroscopy utilizing bias frames and
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flat-fields with either IRaF! or custom software. Wavelength calibra-
tion was accomplished through emission-line comparison spectra
taken before or after each observation. A spectroscopic observing
log is presented in Table Al that details the telescopes, spectro-
graphs, and data.

L13 measured the absorption lines S 1 AA5454, 5474, 5647 and
Ne1 16402, due to their lack of blending with the large number of
emission lines in the spectrum of MWC 314. We sought to include
these lines whenever possible. Radial velocity measurements were
made through Gaussian fits of the spectral lines. We found that we
were able to use the Ne 1 46402 line for all data sets, but the S 11 lines
often suffered from lower S/N and were unreliable. The McDonald
Observatory observations provided excellent data for S n1 15647, but
were not usable for the S AL5454, 54741lines. The data from the
CTIO 1.5 SMARTS fibre-fed bench-mounted echelle’ (Barden &
Ingerson 1998) were only usable around the Ne1line. However, the
data obtained with the CTIO 1.5 m and the CHIRON spectrograph
(Tokovinin et al. 2013) have higher S/N across the optical spectrum.
The spectroscopic data discussed in L13 were obtained with the
Mercator 1.2 m telescope and the HERMES spectrograph (Raskin
et al. 2011), which we also used to obtain three additional spectra
of comparable quality. The spectrum taken at San Pedro Martir was
extremely useful due to the orbital phase observed (most negative
radial velocity) and good S/N. The data from the OMM were of
much lower spectral resolution, and we only obtained two spectra
that had high enough S/N to measure accurately a radial velocity
from the weak absorption lines.

2.2 Ground-based photometry

Broad-band BVRI photometry was obtained throughout the 2010-
2012 calendar years with the American Association of Variable Star
Observers automated telescope located at Lowell Observatory. The
telescope? is a Celestron C11 Schmidt-Cassegrain instrument with
an aperture of 28 cm. Imaging was accomplished with an SBIG
ST-7XME camera, which yields images with a field of view of 14
x 9 arcmin. The reductions utilize dark, bias, and flat frames, and
typically the scattered light background leads to a photometric accu-
racy of 1-2 per cent. The differential photometry was done relative
to another star in the field, HD 231237, which shows a constant
light curve in the ASAS (Pojmaniski 2002) and was classified as G5
by Cannon (1925).

We wished to obtain a reasonable magnitude estimate of
MWC 314 relative to the comparison star, so magnitudes for the
comparison star were obtained from the AAVSO Photometric All-
Sky Survey (APASS),* which measured B = 11.48 £ 0.047, V =
10.716 £ 0.027, ¢’ = 11.024 + 0.032, ¥ = 10.497 £ 0.016, and /'
= 10.228 +£ 0.054 for HD 231237. The Johnson R magnitude was
obtained by using the relations given by Kent (1985), which gave R
= 9.95. Similarly, we transformed these data into Johnson / using
the transformations given by Windhorst et al. (1991), which yields
I = 9.48. We present the measurements of MWC 314 calibrated
by HD 231237 in Table A4. However, we caution that we did not

! 1RAF is distributed by the National Optical Astronomy Observatory, which

is operated by the Association of Universities for Research in Astronomy
(AURA) under cooperative agreement with the National Science Founda-
tion.

2 http://www.ctio.noao.edu/~atokovin/echelle/FECH-overview.htm]

3 http://www.aavso.org/w28

4 http://www.aavso.org/apass
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perform any colour transformations on the data, so the magnitudes
may have small systematic errors related to airmass at the time of
observation.

2.3 Precision photometry from MOST

We observed the system with the microsatellite MOST (Microvari-
ability and Oscillations of STars) which has a 15-cm Maksutov
telescope with a custom broad-band filter covering 35007500 A.
The sun-synchronous polar orbit has a period of 101.4 min (f =
14.20d~"), which enables uninterrupted observations for up to eight
weeks for targets in the continuous viewing zone. A pre-launch
summary of the mission is given by Walker et al. (2003). The satel-
lite was never intended to observe a target for several months and
recover time-scales on the order of the length of the data.

MWC 314 was observed for a small portion of every spacecraft
orbit for 55 d, spanning 2014 June 19 to August 15 in the direct
imaging mode. Our data were taken over short orbital segments,
which we then averaged during each 5-10 min interval to have
precise photometry from the orbital means. The photometry was
extracted using the standard MOST pipeline (Walker et al. 2003),
and we show two different versions of the final light curve in this
paper, which are given in Tables A6 and A7. The first uses a trend-
removed data that removes the binary-induced signal from the light
curve. We also attempted to extract the binary light curve by us-
ing a raw extraction that allowed for the signal to remain. It was
difficult to recover the binary signal, as a remaining instrumen-
tal response needed to be removed through a comparison with all
guide stars that were observed simultaneously, and then fitting and
removing an average ‘instrumental’ trend from the data. We note
that a small portion of this light curve could not be corrected for
the instrumental response. The long time series from MOST was
not continuous due to data gaps induced from passages through
the South Atlantic Anomaly, problems with scattered light that is
more prominent during northern summer months, and communica-
tions errors. Nevertheless, the MOST observations provide a unique
photometric data set to explore the variability of this object.

2.4 Long baseline, near-infrared interferometry

We obtained multiple epochs of long baseline near-infrared interfer-
ometry using the CHARA Array and the Classic (ten Brummelaar
et al. 2005) and CLIMB beam combiners (ten Brummelaar et al.
2013) in the K band during the calendar years 2010-2013. The
CHARA Array is a Y-shaped interferometric array of six 1-m tele-
scopes with baselines ranging from 34 to 331 metres in length. Our
observations were primarily at longer baselines, but we obtained a
few measurements with short baselines. The nights of observations,
baselines used, and calibrators for each observation are listed in
Table A2.

To measure the instrument response and calibrate our data, we
observed calibrator stars with small angular diameters both before
and after each observation of MWC 314. Namely, we observed
the calibrator stars HD 174897 (01 p = 0.652 £ 0.038 mas; Boy-
ajian et al. 2012), HD 182101 (f.p = 0.367 & 0.017 mas; Berger
et al. 2006; Baines et al. 2010), and HD 184606 (0;p = 0.236 +
0.050 mas; van Belle et al. 2008). These calibrators have diameters
known from fits to the spectral energy distribution and have all been
reliable for previous interferometric studies. The data were reduced
using the standard CHARA reduction pipeline (ten Brummelaar
et al. 2005, 2013). The visibilities and closure phases were aver-
aged over each observing block. The calibrated OIFITS data files
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(Pauls et al. 2005) will be available through the IMMC archive’ or
upon request, but we also include tabulated visibilities in Table AS.

Schaefer et al. (2014) describe the effects of emission lines on
the errors and measurements of V2. An emission line reduces the
effective bandpass over which the fringe amplitude is measured
causing the true visibility to be smaller than if a fixed bandpass
was assumed. We measured the effective bandpass through com-
parisons of the width of the power spectra of both calibrator stars and
MWC 314, and found that this is typically an effect of <3 per cent,
much smaller than the typical error of our measurements. Further,
we compared a K’'-band filter response with a single NIR spectrum
of MWC 314 we obtained with the Mimir instrument and the Lowell
Observatory 1.8 m telescope (Clemens et al. 2007). This spectrum
was reduced with the standard Mimir pipline® and flux-calibrated
and telluric-corrected using the XTELLCOR package (Vacca, Cush-
ing & Rayner 2003). This spectrum was then convolved with the
filter response, and we found that the effective width was within
1-2 per cent of the nominal width. These values show that there
was little change in the visibilities, but the resulting uncertainty in
the width of the filter (~3 per cent) was added in quadrature to the
pipeline-produced error.

3 THE SINGLE-LINED SPECTROSCOPIC
ORBIT

The optical spectrum of MWC 314 consists of four different kinds
of spectral lines, which are illustrated in the spectral atlas of
Miroshnichenko et al. (1998). First, there are absorption lines, such
as those measured by L13. These are thought to be photospheric
in origin, with minimal contamination by the wind. These lines are
similar to the photospheric metal lines observed in the B7 Ia su-
pergiant HD 183143 (Chentsov et al. 2003), but are typical of any
early- or mid-B supergiant. Secondly, the wind of the system is best
seen in the strong Balmer lines and He 1 emission lines. The Balmer
lines do not show a P Cygni absorption component, but the He 1lines
have P Cygni absorption that shows orbitally modulated variability
where the absorption strengthens at certain orbital epochs (L13).
Thirdly, there are many lines of singly ionized metals, such as Fe 11,
that show double-peaked emission profiles. These lines were shown
by L13 to be constant in radial velocity and are thought to originate
from a circumbinary disc. In reality, some of the double-peaked
emission lines and Balmer lines are likely formed in a combination
of the circumbinary disc and stellar wind. The fourth and final type
of lines are the interstellar absorption lines. These lines are very
complicated, often showing several absorption components due to
the extreme extinction of MWC 314 (Ay = 5.7; Miroshnichenko
1996).

We measured radial velocities through Gaussian fits of the same
absorption lines as measured by L13 to refine the spectroscopic
orbit of MWC 314. The lines used were discussed in Section 2.1,
and the new radial velocities are presented in Table A3. We es-
timate the errors on most of the data points to be of the order of
+2kms~!, and alittle better (1 km s~!) for the HERMES spectra.
The data are shown in Fig. 1 with our orbital elements presented in
Table 1. The data span the calendar years 2001-2013, so we derived
the orbital period through a time series analysis of these new radial
velocities combined with the velocities reported by both Murato-
rio et al. (2008) and L13. We confirm the orbital period, although

3 http://www.jmme.fr/oidb.htm
® http://people.bu.edu/clemens/mimir/software.html
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Figure 1. The revised single-lined spectroscopic orbit with data sources
marked. Phase O indicates the periastron passage. New data are shown as
solid points, the open circles are from L13, and the open diamonds are from
Muratorio et al. (2008). The black line represents the combined fit of all
data, while the blue dash—dotted line is the fit from only our measurements,
and the red dashed line is the solution from L13.

we adopt a more conservative error than reported by L13. Note that
L13 set phase zero at inferior conjunction of the visible star and also
measure o from this epoch, instead of the standard spectroscopic
method of setting w equal to the angle between the ascending node
and periastron. The values of T and w given in Table 1 for the
L13 solution are referenced to periastron in the standard way. The
errors reported by L13 are generally smaller than ours, however,
the pHOEBE code they used does not directly estimate the errors of
the parameters, so we suspect that these are underestimated. We
show orbital parameters in Table 1 for L13’s fit, our fit to their data
showing more realistic errors, an independent fit to only our new
data, and a combined fit to all data available from Muratorio et al.
(2008), L13, and our new data. All the solutions are comparable,
and we adopt the combined fit for the remainder of this analysis.

The orbit is well behaved with a moderate eccentricity (e =
0.29). The measured value of w is such that the primary is in front
of the secondary at phase 0.098, and the secondary is in front of
the primary at phase 0.760. We find that the mass function, AM) is
somewhat large, with a value of 4.0 = 0.3 M.

4 THE PHOTOMETRIC VARIATIONS

In Fig. 2, we show the V-band photometry from the AAVSOnet tele-
scope (open circles) and the MOST satellite (solid points) phased to
the periastron and orbital period found with the spectroscopic orbit.
We removed the pulsational signature from the MOST data for this
plot (see Section 4.2). We performed time series analysis of the
ground-based data and found that the period (P = 60.5 & 2.0) we
derive from a Lomb-Scargle periodogram (Scargle 1982) was con-
sistent with that of the spectroscopy, so we adopt the spectroscopic
period due to the longer duration of the spectroscopic observations
and smaller error in the period determination. The larger scatter in
Fig. 2 results from the 1-2 per cent measurement errors inherent
to the observations, the pulsational variations still present in the
AAVSO data, and from possible long-term variability of the system
(e.g. L13). We note that the light curve resembles the variations pre-
sented by L13, who used PHOEBE to model the variations as tidally
induced variability with partial eclipses.

MNRAS 455, 244-257 (2016)
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Table 1. Orbital elements.

Element Units L13 Our Fitto L13 New data Combined analysis
P d 60.799977 & 0.000014 60.799 977 (fixed) 60.729 =+ 0.028 60.753 £ 0.003
e 0.235 4+ 0.003 0.28 £ 0.02 0.32 +0.03 0.29 + 0.01
y kms~! 284402 277+ 1.0 350+ 1.8 31.2+0.8
K km s~ 85.6 90.3 4+ 2.0 80.6 +2.4 903+ 1.2
w ° 199 + 1 206.4 + 4.0 195.1 £6.3 208.6 + 0.8
T HID 2454951.80 + 0.56 2454949.75 + 0.60 2456 467.15 + 1.02 2455618.88 4+ 0.13
S Mg 3.63 4.1£0.29 39403 40403
aysini au 0.465 0.484 +0.011 0.475 £0.014 0.479 £ 0.010
Nobservations 16 16 20 43
rms km s~ - 3.70 7.20 6.98
\
065~ [T Model 1
i N BEETE SRR Model 2 7
L +Typlcal Error — — — - Model 3 e
Model 4

-0.60
=
©
£
-~
< '0.55
-0.50

0.5 1.0
ORBITAL PHASE

Figure 2. V-band photometry of MWC 314 as a function of phase. The large open points represent our ground-based data. The solid points are orbital means
from MOST with the pulsational behaviour subtracted off (see Section 4.2). Our reductions could not remove the instrumental artefacts that were at the end
of the observing run at phases 0.7-0.85, so those points are omitted. As the instrumental effects could not be eliminated, we did not use these points in our
ellipsoidal fit of the photometry. We overplot our best models of the light curve. The dashed lines represent our best understanding of the ellipsoidal variability

for the system (Section 4.1), and correspond to models in Table 2.

4.1 Ellipsoidal variations

The photometric variability is likely induced by the star being dis-
torted gravitationally by the companion. This kind of variability has
been known and calculated for many years (e.g. Beech 1985) and is
referred to as ellipsoidal variability. In recent years, the modelling
of eclipsing binaries has been greatly enhanced by the code PHOEBE
(PHysics Of Eclipsing BinariEs; Pr§a & Zwitter 2005). This code
gives us the freedom to treat this system in a variety of different
ways, which we explored to examine the photometric variability.
The different models we tested are tabulated in Table 2.

We began fitting the system through a recreation of the model of
L13. We used our newly derived radial velocity orbit in Section 3 to
set T, P, e, and w, leaving us with masses, radii, temperatures, and
the orbital inclination as free parameters. The first model (Model
#1 in Table 2) shows ellipsoidal variability and a partial secondary
eclipse. This model, along with our other PHOEBE models, suffers
from inadequate flux at phases 0.2-0.5, and is overestimated from

MNRAS 455, 244-257 (2016)

Table 2. PHOEBE parameters.

Element units Model #1 Model #2 Model #3 Model#4
My Mo 39.7 39.7 61.1 4.1
Ry Rp 81.5 81.5 94.1 35.0
Tetr, p K 18 000 18 000 18 000 18 000
M Mo 26.2 26.2 40.3 11.3
Ry Rp 20.6 20.6 23.7 16.4
Tetr, s K 6227 12 000 30 000 25 000
i ° 73 73 60 60

phases 0.7-0.8. However, the variability near periastron is of a
correct amplitude and shape to reproduce the light curve at those
phases.

We then adjusted the effective temperature of the secondary
(Model #2) to have a hotter secondary star. This demonstrates that
the primary is the main source of variation in these models, but the
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primary eclipse depth is increased drastically. With a small change
of the inclination (Model #3), we then found that the eclipses are
no longer seen, which is supported by the light curve shape, even if
the models do not fully represent the photometry. Further, in Model
#3, we increased the temperature to that of an O dwarf in order to
have a more realistic companion star.

Lastly, we attempted a low-mass solution (Model #4) in which the
primary has lost mass via Roche lobe overflow on to the secondary
(see Section 6.1). These parameters include a primary with a smaller
radius than Models #1-3 and a secondary mass almost three times
larger than the primary. With a moderate inclination of 60°, we
obtain a model light curve with the same basic shape and amplitude.
This shows that the mass ratio derived by L.13 can only be considered
one possible solution, as the light curve can be reproduced with
extraordinary changes in the masses and temperatures, and is not
dependent on which star is the more massive component.

For these models, we assumed a semi-detached system where the
primary fills its Roche lobe at periastron, as any other configuration
provided worse fits of the data. In such a system, we see less flux as
we look down the orbital axis (phases 0.76 and 0.10) and observe
the strongest flux at quadrature phases (0.96 and 0.37) as we view
the small and large profiles, respectively, of the distorted star. Tides
in the system attain a maximum near periastron, and yield a more
extreme maximum and minimum flux then, as observed. Some
problems with the pHOEBE results are likely related to the eccentricity
of the system. With eccentric binaries, we have differing values of
the separation and Roche potentials as a function of phase. This
can lead to changes in the state of the binary from detached to
semi-detached over the course of an orbit. The physics involved in
such a situation is much more complex and detailed models of such
binaries are not yet developed. However, the timing of the primary
eclipse is well sampled with MOST, and we find no strong evidence
of an eclipse event, at least not to the extent of the model presented
by L13.

4.2 Pulsational behaviour discovered with MOST

Our photometry from MOST (also overplotted in Fig. 2) offers the
most precise photometric time series of the system ever obtained.
Unfortunately, MOST was never intended to reliably extract astro-
physical trends on long time-scales, so the binary-induced signal is
not reliable. This is seen to be especially true when we detrended
our data using the light curves of several guide stars in the field, and
the MOST light curve has a spike at phases ¢ ~ 0.7-0.8. However,
when the long-time-scale trends are removed from the MOST light
curve, we immediately see evidence of pulsational behaviour in the
star. An analysis of these detrended data with Period04 (Lenz &
Breger 2005; Fig. 3) found two significant frequencies, which are
listed in Table 3. Each period is represented by a sine wave of the
form

AsinQnf x t + ¢),

where A is the amplitude of the variation in millimagnitudes, fis the
frequency in units of day ', # is the time in observed julian day, and
¢ is an offset term in radians that allows for differing the peak time
of the sinusoidal wave. These fits explain the data with residuals
smaller than 1 mmag for most data points, which is reasonably
consistent with the instrumental performance.

These periods are remarkably short for an LBV, where results
of other stars have revealed periods of order several days (see, e.g.
van Genderen 2001). However, the BSG HD 163899 (B2Ib/II) was
studied by Saio et al. (2006) who found periods of similar duration
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Figure 3. A portion of the detrended MOST photometry of MWC 314 as
a function of time and phase is shown in the top panel. Orbital means are
shown as large black points, with each individual measurement shown as a
small point. Our two-frequency fit is shown as a solid line in this plot. In
the bottom panel, we show the Fourier Transform calculated with Period04,
with a zoom on the two frequencies found in the inset panel. The full MOST
light curve is shown in Fig. A2.

to MWC 314. L13 have parameters for MWC 314 that indicate a
radius of the primary star to be ~80 R, but the BSG with similar
periods (HD 163899) has a radius ~16 R;. We will further discuss
this later in the paper, but the derived radius by L13 is likely much
too large to support such short-period pulsations in MWC 314.

5 INTERFEROMETRIC RESULTS

The distance of MWC 314 was derived by Miroshnichenko et al.
(1998) to be 3.0 & 0.2 kpc using a radial velocity of +55 km s~!
and the kinematical model of Galactic rotation by Dubath et al.
(1988). We can now adjust this distance by using the y velocity of
the single-lined orbit we derived in Section 3 (y =314 1 kms™').
From this derived velocity, we find a closer distance to the system of
only 2.4 & 0.1 kpc. We then derive a luminosity from the expected
V magnitude of 9.9, the effective temperature of 18 000 K (e.g.
Miroshnichenko et al. 1998, L13), a reddening of Ay = 5.7 mag
(Miroshnichenko 1996), and a bolometric correction of —1.7. The
luminosity then becomes log (L/L) = 5.7, with My = —7.8 and
MpgoL = —9.5, neglecting any effect of the companion and circum-
stellar and circumbinary material. This result agrees with that of
L13, and indicates that MWC 314 is a near twin of the early B-type
hypergiant and prototypical LBV, P Cygni, especially with a derived
radius of 73 R. We caution that if the absorption lines used for the
orbit form in the outflow, then the y velocity could be blue-shifted
in our line of sight, and this would change this distance estimate.

MNRAS 455, 244-257 (2016)
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Table 3. Frequencies found with MOST.

Frequency A (mmag) flcyclesd™) ¢ (radians) P (d)
1 5.59 +0.22 1.2964 £ 0.0004 0.3847 £+ 0.0063 0.7713 £ 0.0003
2 2.61+£0.22 0.7032 £ 0.0008 0.6940 £ 0.0135 1.4221 £ 0.0016
Our consideration of the CHARA Array results begins with es- 15T E|
timates for the angular size of the visible star and binary orbit. We E’ 10 + Ed 3
estimated stellar angular diameter by comparing the observed flux 2 5 e 1 1 E
distribution f; with that for a model photosphere F, T 0 e i : ® $ l ‘ E
: T LS T 1 ;
S R. _0.44; L o 04 2 -5 T T E
— = — 10 r = *GLDlo *, @ £ E
F, d 4 STTI S 4 d 1 E
(@] £ 7
: : : : : -16E . . | | | | | | 3
where 0 p is the limb da.rker.nng angular dlameter anq A, %s the 825 5850 6125 6150 6175 0525 6550 6575
wavelength dependent extinction. We made this comparison in the . HJD - 2,450,000
ultraviolet and optical parts of the spectrum where the observed E‘J’ 15E ‘ ‘ 3
flux is probably dominated by the contribution from the visible star. 2 1(5) g + + . E
We followed the example of Miroshnichenko (1996) who used UV i 0 E L+ o L. b ¢e ® E
spectra from the International Ultraviolet Explorer archive and op- & 5E T e ¢ * f??‘ ., 3
tical magnitudes to set the observed flux estimates. We assumed a § 10E ° 3
flux model from the solar abundance grid of R. Kurucz for atmo- g 1° E . . w w E
250 275 300 325

spheric parameters appropriate for the visible star, T = 18 000 K
and log g = 2.5. We used the extinction law from Fitzpatrick (1999)
to set the extinction law A; as a function of the reddening E(B — V)
and ratio of total-to-selective extinction R. Then a fit of the observed
fluxes with the relation above was made with parameter values of
E(B —V)=1.81£0.02 mag, R =3.05 £ 0.05, and 61 p = 0.24 +
0.02 mas. The first two parameters agree within uncertainties with
the results of Miroshnichenko (1996). In the following analysis, we
will assume a uniform disc (UD) model for the visible star with an
equivalent angular size of Oyp = 0.23 mas, very slightly smaller
than the limb darkened disc size in the K band (Davis, Tango &
Booth 2000). We argue below (Section 6.1) that the angular size
of the orbit is also quite small (0.5 mas) and that the companion
may be faint because it is hidden in an obscuring gas torus. Conse-
quently, in this section we will make the simplifying approximation
that the entire binary system may be represented by a UD of a size
below the resolution limit of our observations.

We collected a large number of squared visibility measurements
V2 with varying baselines (45-321 m) that are well sampled on the
(u, v) plane (Fig. A1). Before we attempted to model the visibilities,
we examined observations that were obtained with the CLIMB
beam combiner, which also gave estimates of the closure phase.
These measurements give an indication of the degree of non-axial
asymmetry in the data. All measured triple products have values
close to zero, as shown in Fig. 4. With the small values of the
closure phase, we can assume that the light distribution shows an
axial symmetry within our errors at the resolution probed with these
interferometric observations.

Our adopted interferometric model incorporates the central bi-
nary as a UD that is surrounded by a circumbinary disc that is mod-
elled by an elliptical Gaussian on the sky. Any visibility modulation
from the binary should be within the errors of the measurements
given the small semimajor axis on the sky and the probable faintness
of the secondary with respect to the primary. Our model, based upon
the methods of Schaefer et al. (2010) and Touhami et al. (2013) has
six different fitting parameters, and we have 107 measurements of
V2. The parameters include the size of the central source modelled as
a UD, the flux from the central source (UD Flux), the flux from the
circumbinary disc (1 — UD Flux), the full width at half-maximum
(FWHM) of the major axis, the FWHM of the minor axis, and the
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Figure 4. Measured closure phases from the CHARA measurements as
a function of time (top panel), where each panel represents a different
observing period. The bottom panel represents the same measurements as a
function of the longest baseline used. The measurements are all very near
zero, so we assume that the system is either spherically symmetric or that the
circumbinary disc has axial symmetry at the resolution of the observations.

position angle of the major axis of the circumbinary disc on the
sky. From the measurement of the major and minor axes, we can
compute a disc normal inclination angle from the thin disc approx-
imation. We tabulate the results of various fits in Table 4. We also
note that the additional source of error from the correction from
the emission line contamination on the interferometry lowered the
reduced y? of these models due to the slightly larger measurement
errors in the data.

Model #0 in Table 4 is for a spherically symmetric outflow. The
derived UD diameter for the star is highly unconstrained, but the re-
sulting x 2 indicates that the model is on the right track. We explored
alternate geometries with an elongated wind or circumbinary disc
structure. Model #1 allows all parameters to vary and we derive a
nearly edge-on disc with a disc normal inclination that is somewhat
larger (but equal within uncertainties) than the orbital inclination
derived from the light curve in Section 4.1.

The next model (# 2) fixed the size of the central source
to be that of the photospheric size of the primary star as de-
rived from the spectral energy distribution. This is a reasonable
choice if we assume little flux emergent from the secondary star.
We note that x2, is statistically indistinguishable from the mod-
els #0 and #1. Lastly, we explored a case where we fixed the
central source size, but fit the shell as spherically symmetric
(Model #3).

It is also possible that we are not actually resolving a circumbi-
nary shell or disc, but rather the binary itself. We explored the
possibility that we were actually resolving the binary by an ex-
amination of the densest observation set obtained on 2012 August
01 (HID 2,456,141), where we obtained five measures of the clo-
sure phase, and 15 measures of V? with CLIMB. We established a
grid-based x? minimization where we calculate a x? statistic for
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Table 4. Derived interferometry model parameters. If no error is given, the parameter was held constant.

Model UD (mas) UD Flux Major FWHM (mas) Minor FWHM (mas) Position angle (°) i(°) szed
0 0.08 4+ 0.88 0.67 £ 0.03 1.33 £ 0.24 1.33 £ 0.24 - - 4.24
1 0.49 +£0.14 0.76 £+ 0.05 2.69 +0.75 0.45 +0.51 1419 +42 80.4;"350 3.89
2 0.23 0.70 £0.03 1.63 £0.49 1.23 £0.22 114.7 £ 28.0 61.5 £20.0 4.15
3 0.23 0.69 £+ 0.02 1.37 £ 0.27 1.37 £ 0.27 - - 4.25

a large grid of separations in right ascension, declination, and a
flux ratio between the two stars. On this night, our best fit was
with a separation of 0.697 mas, a position angle of 263°, with a
flux ratio between the two stars of 0.997. The reduced x? statistic
was 22.3, meaning our model did not reproduce well the observa-
tions. Similar results were seen for the night of 2012 September
16. These ‘fits’ actually provide a x? statistic much worse than that
of a circumbinary shell or disc. We further note that a flux ratio
near unity shows that the resolved companion contributes similar
levels of flux as the primary, and that the putative separation is
on the same order as the resolving limit of the CHARA Array in
the K’ band. This flux would likely imply that the orbit would be
easily seen to be a double-lined binary, making this result more
unlikely.

All of the best V? models show that we are resolving a circumbi-
nary shell, but it is unclear if the shell is elongated or spherical.
In fact, the models we explored cannot distinguish between them,
as all the x? values are similar. Further, it may be that our errors
in the measurements of V2 are underestimated, making these fits
reasonable for these data. The spherical model with a fixed UD
is shown in Fig. 5, where we compare the measured and calcu-
lated visibilities. In this figure, we compare the residuals in the
bottom panel by calculating the (O — C) divided by the measure-
ment error, oy2. This shows that the model is reproducing the data
within ~20 for most data points. As this model seems to ade-
quately fit the V2 measurements, we adopt this for the remainder of
the analysis. However, we suspect that better data collected in the
future may resolve a multicomponent model that includes the cen-
tral star(s) with the stellar wind and the circumstellar disc seen in
spectroscopy.

6 DISCUSSION

This study has amassed a large data set that utilized several observ-
ing techniques including spectroscopy, photometry, and interferom-
etry. The most exciting results relate to the fundamental parameters
of the system, the precision photometry obtained with MOST which
allowed us to identify pulsational modes in this system, and the
exploratory interferometry.

6.1 Fundamental parameters

Even though the spectroscopic orbit only shows evidence of the
primary star, we are able to determine the mass function and mass
sum as

1 3
My + M, = (4.0 £ 0.3)Mg (1 + ,) .
q

where ¢ = M, /M and subscripts 1 and 2 denote the primary (visi-
ble) star and secondary star, respectively. The mass relation is shown
in Fig. 6 where we plot M, as a function of M; from this equation
for three different values of the inclination (i = 30°, 60°, and 90°).
We showed in Section 4.1 that partial eclipses would appear in the
orbital light curve for i > 70° that are not observed. Furthermore,
we assumed the maximal tidal distortion possible by setting the
radius so large that the star fills the Roche surface at periastron,
and consequently any lower inclination would yield a model with
a light-curve amplitude that was too small, because the size of the
tidal modulation varies approximately as sini. Consequently, we
suggest that the orbital inclination probably falls within the range
from i = 50° to 75°.
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Figure 5. V2 measurements from the CHARA measurements. We overplot
the theoretical visibility curves for the visibility from the spherically sym-
metric model #3. Most points fall within 2o of this curve, which is shown
in the bottom panel.

Figure 6. Masses as a function of inclination and mass ratio. The solid black
curve represents the mass function at i = 60°. The dashed lines represent
i = 30° (top) and 90° (bottom). L13 reported the values shown by a plus
sign. We overplot lines for several assumed mass ratios (from Table 5), and
filled circles show the corresponding masses for i = 60°.
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Sepinsky et al. (2007b, 2009) have investigated how mass transfer
eccentric orbit binaries can alter the orbital elements. They show
that momentum transfer caused by Roche lobe Overflow (RLOF)
can have a large influence on the orbit. In particular, Sepinsky et al.
(2007b) show that if the mass ratio reversal has occurred and the
mass transfer rate is high, then the eccentricity can increase with
time. Their fig. 3 shows that if M,/M, < 0.76 (M, is the mass
donor = the primary in MWC 314), then continued RLOF will
yield a positive time derivative of eccentricity. Thus, if we accept
this result, then the fact that we find e = 0.29 in MWC 314 must
mean that mass transfer has proceeded beyond mass ratio reversal
and that the current mass ratio obeys this limit, so that ¢ > 1/0.76
= 1.32. We show this limit in a solid line on Fig. 6, so that any mass
solution must fall to the left of this line diagram.

We argued in Section 4.1 that the tidal modulation of the light
curve is best fit if we assume that the visible star fills its Roche
lobe at periastron. Because the tides are strongest at periastron, we
might also assume that the spin of the star becomes synchronized
with the instantaneous orbital rate at that instant. We may use these
assumptions to explore the consequences of the Roche geometry for
the binary mass ratio. We can estimate the mass ratio by comparing
the projected rotational velocity, vsin i, to the orbital semi amplitude,
K in the manner of Gies & Bolton (1986) with the expression

vsini o0 (1_{_1) (1 —e) 2,
q

K,

where g = M, /M, . This expression relates the size of the visible star
to the Roche radius ® = ®(g) (Eggleton 1983) through a fill-out
factor p (=1 for a Roche filling star), and the angular rotational rate
is expressed relative to the mean orbital synchronous rate through
factor . We estimate vsini to be ~50 km s~ based upon the
FWHM of the absorption profiles seen in our high-resolution spec-
troscopy obtained with high S/N, such as those obtained with the
CTIO 1.5 m and CHIRON, consistent with the value reported by
L13. Based upon the analysis of the light curve (Section 4.1) and
the abundant evidence of mass transfer and mass-loss in MWC 314,
we assume that the star has a radius that fills its Roche lobe at the
periastron passage, so the fill-out factor is given by

p=(0—-e)=0.71=£0.02.

If the stars are synchronous as the tidal forces peak at periastron
passage, then

(14

T (1 —ep

We evaluated the remaining term for the Roche radius ® above using
the general expressions for a star in an eccentric orbit from Sepinsky,
Willems & Kalogera (2007a). Then we can use the formula above
for the observed ratio (v sini)/K; to find the mass ratio ¢ = 2.36
for the case of spin synchronization at periastron (2 = 1.90). This
mass ratio yields masses of M; ~ 5.3 Mg and M, = 12.5 Mg, for
intermediate inclination of i = 60°. Note that if some of the line
broadening is due to macroturbulence instead of rotational Doppler
broadening, then the actual vsini will be smaller than assumed
and the resulting mass ratio larger than estimated above. We show
the masses derived through this method for both the limiting cases
of synchronous rotation at periastron and the eccentricity-growing
limit of ¢ = 1.32 in Table 5, along with an intermediate case.
All of these solutions are based upon i = 60° and are marked as
solid circles in Fig. 6. These slower spinning model solutions are
particularly relevant, because Sepinsky et al. (2010) find that in
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Table 5. Potential masses of the MWC 314 system?, given i = 60°.

Q q M, M, Ry d(kpc) a(au) a(mas)

1.90 2.36 53 12.5 36.2 1.41 0.79 0.56
1.60 1.82 8.1 14.8 43.0 1.67 0.86 0.51
1.26 1.32 14.5 19.1 54.6 2.12 0.97 0.46

“To change to another inclination, one can rescale by multiplying by
(sin 60/sin i)* and (sin 60/sin i) for masses and semimajor axis, respectively.

some circumstances mass transfer episodes at periastron can result
in gas returning back to the donor and decreasing its spin.

We can then calculate the physical radius of the primary star R,
by multiplying the fractional Roche radius times the fill-out factor
and times the semimajor axis. The derived radii are listed in Table 5
using an assumed inclination of i = 60° to find the semimajor axis.
We determined the angular diameter of the star in Section 5 from a
fit of the spectral energy distribution, and we can use the angular size
to relate the physical radius to the distance, R/Re = 25.7 d (kpc).
Table 5 column 6 lists the distance from this relation based upon
the physical radius in column 5. Columns 7 and 8 list the physical
and angular semimajor axis of the binary, respectively, based upon
the masses, period, and distance. The angular semimajor axis is
approximately 0.5 mas in all three spin cases given in Table 5, which
suggests that the binary is probably unresolved in the CHARA
Array interferometric observations (Section 5). The luminosity of
the visible star is large for the radii given in Table 5, Llog /L ~
5.1-5.5, and if this is comparable to the initial luminosity of the star
before mass transfer, then the star probably began life with a mass
of ~20-30 M, (Saio, Georgy & Meynet 2013).

All the results suggest that the system has gone through a mass
reversal process in addition to the mass-loss from stellar winds and
eruptions that caused the large ejecta seen by Marston & McCollum
(2008). Our derived mass ratio would imply that the system is still
early in the process of mass transfer, as it has yet to reach the more
extreme values found in systems such as HDE 326823 (M, /M, =
5.3) or RY Scuti (M,/M; = 3.9), but the mass ratio is still clearly
reversed. We also note that the observation of very strong Balmer
line emission tells us that the primary star still has some hydrogen,
supporting the idea that MWC 314 is not as far along in its binary
interaction as the pre-(WN + O) binary, HDE 326823. If the low
masses we derive are correct, then the Roche radius of the primary
must be smaller than estimated by L13, making the primary less
luminous and the distance smaller, as indicated in Table 5.

The visible star mass that we derive is surprisingly low for a star
that has a spectrum resembling the prototypical LBV, P Cygni. The
masses derived by L13 are much closer to expectations for an LBV
mass, but we caution that their results are based upon the mass func-
tion from the radial velocity curve and an inclination and mass ratio
estimated from fits of the light curve. Recall from Section 4.2 and
Fig. 2 that the light curve is complex and that a PHOEBE calculation
with a large mass ratio g produces a light curve (Model #4) that is
qualitatively similar to those for a small mass ratio (Models #1,2,3).
Consequently, there is probably a large range in adopted mass ra-
tios and hence masses (Fig. 6) that will yield model light curves
similar to the observed photometric light curve. Our determination
of the mass ratio (above) was made assuming synchronous rotation
and a visible star that fills its Roche lobe at periastron. L13 recog-
nized that their model implied slower than synchronous rotation for
the visible star (they suggested a possible synchronous relation with
gas forming the inner boundary of the circumbinary disc). However,
stars that fill their Roche lobes experience strong tidal forces that
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Figure 7. A comparison of the observed two periods (0.77 d and 1.4 d; horizontal dashed lines) with theoretical pulsation periods for models of a stellar mass
of 5M(;) and an effective temperature of 18 000 K with hydrogen mass fractions X = 0.2 (black symbols) and X = 0.3 (red symbols). Filled and open circles
indicate excited and damped pulsation modes, respectively. The bottom and the top horizontal axes measure stellar radius and luminosity, respectively. The
longest period of each model is the fundamental mode. We find that the observed dominant period (P = 0.77d) is reproduced by an excited mode in a 5M

model at a radius of 24 Ry (log R/R¢;) = 1.38; vertical dotted line) with X = 0.2. The second overtone of this model has a period of 1.4 d close to the observed
second period, although the mode is not excited. We note that the model predicts the fundamental mode with a period of 3.5 d to be excited, although no such
periodicity is detected from our MOST light curves. On the right-hand panel, we show how the radius and luminosity scale with mass for the range of allowed
masses (Section 6.1) and hydrogen fractions that can support this pulsational mode. The open circles denote the values derived by the Roche geometry analysis

in Section 6.1 and Table 7.

drive the system towards synchronous rotation on a relatively short
time-scale, so the masses that we derive based upon the assumption
of synchronous rotation are worthy of detailed consideration.

Note that we have made the assumption that the absorption lines
we measured form in the atmosphere of the visible star. We suspect
that the mass gainer in the system is surrounded by a thick gas torus
(see below), and it is possible that the absorption lines form in this
torus instead. If so, then the radial velocity curve would apply to the
mass gainer and the identities of the stars would be swapped in the
mass—mass diagram (Fig. 6). The measured ‘projected rotational
velocity’ in this case would correspond to Keplerian motion in the
gas disc surrounding the mass gainer and not to the rotational broad-
ening of the mass donor star, so the (v sin i)/ K; argument would not
apply. However, spectral lines formed in a torus surrounding the
mass gainer have been detected for both g Lyr (Ak et al. 2007)
and RY Scuti (Grundstrom et al. 2007), and in both these cases the
lines display very large rotational broadening. Consequently, we
suspect that the narrow absorption lines we observe in the spectrum
of MWC 314 do not form in gas torus but are associated with the
photosphere of the visible star.

6.2 Pulsational behaviour

The MOST photometry presented us with an opportunity to explore
the pulsational properties of this unusual system. In particular, a
pulsational analysis may provide another clue that supports the
relatively low mass of the visible star that we estimated above.
We examined the pulsational stability of MWC 314 using the non-
rotating stellar models and the modal analysis described by Saio
et al. (2013). Saio et al. discuss how pulsations may be excited
among BSG in cases where the luminosity-to-mass ratio is large

(for example, after extensive mass-loss during a prior RSG phase).
This is especially pertinent for MWC 314 if the stellar mass has
decreased significantly through mass transfer while maintaining
the luminosity of the He-burning core.

We began by exploring what range of mass and radius would yield
models with an excited mode pulsational period of 0.77 d for a stellar
effective temperature of T = 18 000 K. We found that there were
no models with normal hydrogen abundances that could support
the dominant pulsational model. However, if the hydrogen mass
fraction X was set to a value less than 0.3, then we were able to find
models with a pulsational frequency that matched the observed one.
The parameters for these solution families are illustrated in Fig. 7
(right-hand panel) that plots the stellar mass, radius, and luminosity
for several trial values of X. Fig. 7 also shows the stellar parameters
estimated above from the Roche geometry arguments (Table 5), and
we see that these indicate an overluminosity for mass relative to the
smallest hydrogen fraction family of pulsation models (X = 0.10).
It is possible that even lower hydrogen abundance models may
excite pulsations like those observed, but it is difficult to specity the
structure of the stellar envelope for such a stripped down star. This
pulsational frequency is unlike frequencies often observed in LB Vs,
which are both longer time-scales and not strictly periodic (e.g. van
Genderen 2001). The fundamental 0.77 d period is also shorter in
duration than the dominant periods, and smaller in amplitude than
the pulsational frequencies reported for 24 B supergiants reported
by Lefever, Puls & Aerts (2015).

The pulsation mode identified with the 0.77 d period of MWC
314 is a kind of strange mode associated with the He 11 ionization
zone (logT &~ 4.5), and the amplitude is strongly confined to the
outermost layers with log 7 < 4.6. On the other hand, longer period
fundamental and first overtone modes with periods longer than a
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Figure 8. A comparison between the spectrum of MWC 314 (bold, centre),
HDE 326823 (Richardson, Gies & Williams 2011; offset for clarity), and
P Cygni (Richardson et al. 2013, bottom) shows that MWC 314 and HDE
326823 are nearly spectroscopic twins with the exception of the stronger
hydrogen emission and lack of a few weak emission lines from MWC 314.
Similarly, the comparison with P Cygni shows the similarity of the stellar
winds of the two stars.

few days are excited by the x-mechanism around the Fe-opacity
peak at log T~ 5.3 as occurs in other B-type variables with normal
surface H-abundance. With a low hydrogen abundance of X < 0.25,
the mode having a period of 0.77 d at T = 18000 K is excited
by the x-mechanism in the He i1 ionization zone for models with
masses consistent with those from the orbital analysis, although the
radius required for the period tends to be smaller than that of the
critical Roche Lobe as shown in Fig. 7 (right-hand panel).

In Table 6, we summarize the models with X = 0.2 in which the
0.77 d period is a supported pulsational mode. These models show
that there is a family of lower mass models in which this pulsational
frequency is excited. The left-hand panel of Fig. 7 shows an example
how the periods and the stability of the pulsation change for models
with M =5 M as a function of radius at Ty = 18 000 K. The model
reproduces the 0.77 d period at log R/R = 1.38. In addition, the
period of the second overtone of these models falls in the range of
1.3-1.4 d, which is similar to the observed secondary period (1.4 d),
although the mode is predicted to be damped. We note that these
models predict that the fundamental mode with a period of ~3.5 d
should be excited, but we find no evidence of this periodicity in the
MOST data (Fig. 3).

This pulsational analysis demonstrates that the kind of pulsational
frequencies observed are broadly consistent with models in which
the stellar mass is relatively small and the hydrogen abundance
is low. This provides additional evidence that the visible star is
the stripped-down remnant of binary mass transfer and that it is
currently the lower mass component in the binary (Table 5).

6.3 Interferometry

The only LBV with comparable interferometric data is P Cygni
(Richardson et al. 2013). The best models to re-produce the spher-
ically symmetric wind of P Cyg were created either by the non-
local thermodynamic equilibrium code cMFGEN or a simple UD sur-
rounded by a Gaussian halo, and show that the H-band flux emerges
from a halo about 2.4 times larger than the photosphere. In compar-
ison, the emission from the K-band wind of MWC 314 is about six
times larger than the photosphere for the case of MWC 314 (Model
#3 in Table 4). Despite the differing wavelength of the observations
for MWC 314 and P Cygni, the differences between the H and K
bands are fairly small (a few per cent in the case of the CMFGEN
model of P Cygni computed by Najarro 2001). We note that optical
polarimetric observations of MWC 314 show some evidence of a
preferred direction (Wisniewski et al. 2006), which may in fact be
emerging from the circumbinary disc component of the flux, rather
than a wind asymmetry.

The largest remaining question is why the sizes are so different
between P Cygni and MWC 314. The optical and near-infrared
spectra appear similar (L13, Fig. 8), so we may suspect them to
appear similar in physical size and geometry. However, in the case of
an interacting binary many of the existing models for hot star winds
may not be good approximations. We know that MWC 314 has a
circumbinary disc, and it must account for some of the flux we see
with the CHARA Array. However, we had a difficult time discerning
different models of the visibilities, other than the extended halo of
light surrounding the system. It is large size compared to P Cygni
likely indicates that the CHARA Array is seeing evidence of both
the wind and the disc.

The large halo observed with CHARA likely has an origin in
both a large circumbinary disc and a circumbinary wind, and there
is evidence from spectroscopy that the binary is embedded in a
disc. The appearance of strong emission lines throughout the optical
and near-infrared spectrum of MWC 314 indicates the presence of
circumstellar gas from ongoing mass-loss. With the exception of the
strong Balmer lines and He1 emission lines, the optical emission
lines tend to be weakly ionized metal lines, such as Fei. These
lines exhibit double-peaked profiles (Miroshnichenko et al. 1998)
that are stationary in radial velocity (L13), indicative of an origin
in a circumbinary disc rather than in either star. The same double-
peaked and stationary emission lines are found in the spectrum of
the spectroscopic binary HDE 326823. Richardson et al. (2011)
argue that these lines form in a circumbinary disc that is fed by
mass-loss from the binary. The visible star in HDE 326823 is losing
mass to a hidden secondary star via RLOF and losing mass to
the circumbinary disc by outflow through L2. In fact, the spectral
similarities of the two stars are remarkable. In Fig. 8, we show a
comparison of the average low-resolution spectrum of HDE 326823
(Richardson et al. 2011) and a similar resolution spectrum of MWC
314 we obtained at the OMM. With the exception of the stronger
Ho line in MWC 314 and the absence of a few weak emission

Table 6. Models having an excited 0.77 d pulsation mode (X = 0.2, Z = 0.02, Ter = 18 000 K).

Mass (M@) Radius (Re) log (L/L@) Other excited period (s) Period closest to 1.40 d ¢
4.0 21.5 4.64 1.98,3.47d 1.32d
5.0 24.0 4.73 3.50d 1.36d
6.0 26.3 4.81 3.52d 1.39d
7.0 28.5 4.88 3.58d 143d
9.0 323 4.99 3.59d 1.48d

“Note that these periods are all second overtones, and all are damped.
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lines, the stars can be considered spectroscopic twins. HDE 326823
is an example of a W Serpentis binary (Tarasov 2000), where a less-
massive primary star has lost mass on to a secondary star hidden
behind an optically thick accretion torus (Nazarenko & Glazunova
2006). In these systems, mass exchange and systemic mass-loss
have drastically altered the stellar masses.

7 SUMMARY AND FUTURE WORK

With the recent discovery that the LBV candidate HDE 326823 is
an interacting binary and with the work presented here and in L.13
on MWC 314, we now have two candidate LBVs that are probably
interacting binaries. Plavec (1980) and Tarasov (2000) show that
the W Serpentis binaries can have a mass-loss and transfer rate
up to 10™* M yr~!, which is comparable to the mass-loss rates
of LBVs. However, we caution that mass-loss via a stellar wind
and mass transfer are very different processes, which may have
very different mass-loss rates. The spectral appearance of double-
peaked emission lines in these highly luminous stars may be an
observational way to find more interacting binaries in the future, so
that high spectral resolution time series observations will help to
distinguish between LBVs and mass-transferring binaries. MWC
314 and HDE 326823 are the only two known LBV candidates that
show double-peaked emission, but others may be found in the future
as massive stars identified through infrared surveys (e.g. Wachter
etal. 2010; Stringfellow et al. 2012) are examined at higher spectral
resolution. For example, the supergiant B[e] star (sgB[e]) Wd1-9
may show similar properties to HDE 326823 and MWC 314 (Clark,
Ritchie & Negueruela 2013).

In summary, we found the following properties related to the
interacting binary MWC 314.

(1) MWC 314 is a single-lined spectroscopic binary with a period
of 60.753 d and a moderate eccentricity (e = 0.29). The full orbital
parameters are given in Table 1.

(ii) The system shows photometric variability modulated with
the orbital period. We constructed light-curve models for the tidal
deformation of the star around periastron that were made with the
period, epoch, eccentricity, and longitude of periastron set from
the spectroscopic results. The model light curves capture the main
features of the orbital light curve (timing and number of maxima),
but the model overpredicts and underpredicts the flux just before and
after visible star inferior conjunction, respectively. We suspect that
these differences are related to wind and/or disc asymmetries that
are not included in the pHOEBE model of the light curve. Solutions
similar to that of L13 can be found with both large and small masses.

(iii) With the MOST photometry, we discovered two pulsational
periods in the system. These periods cannot be supported in a star
with parameters (mass, radius) of a typical LBV, but can easily
represent a hydrogen-poor, low-mass star.

(iv) From the CHARA Array measurements of the squared visi-
bility of the system, we found that a halo of light around the binary
is partially resolved. We argue that the angular size of the halo is
too large for the wind alone, and it probably represents the flux of
the wind and circumbinary disc.

(v) We demonstrated how a consideration of the Roche geometry
can be used to derive the mass ratio from the observed ratio of
projected rotational velocity to orbital semiamplitude (independent
of the system inclination). If we assume that the visible star spins
with the same angular rate as the orbital advance at periastron,
then we derive a mass ratio ¢ = M,/M, = 2.36, indicating that
the donor star is now the lower mass component in the binary.
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We consider other cases in which the spin rate is lower, but the
mass ratio is limited to ¢ > 1.32 if we accept models that predict
a growth in eccentricity with mass transfer (Sepinsky et al. 2007b,
2009). There is a factor of 3—10 discrepancy between the masses
of the 13 study and ours. This discrepancy could be resolved with
the appropriate observations in the future that spectroscopically
determine the secondary radial velocity curve. However, that may
not be possible if the secondary is hidden in an accretion torus.

The system presents opportunities to study mass transfer with mul-
tiple observing strategies. Further efforts should be employed to
obtain very high signal-to-noise spectroscopy with high spectral
resolution. Such spectroscopy may reveal the nature of the newly
discovered pulsational modes over short time-scales or find a spec-
troscopic signature of the companion over orbital time-scales. The
analysis of the interferometry may be able to be improved if a near-
infrared light curve is measured for the system, which we have
begun trying to do with the CPAPIR instrument (Artigau et al.
2004). This would allow us to account for any changes with or-
bital phase in the ratio of central binary to surrounding flux, which
would lead to an improved interpretation of the interferometric re-
sults. A combination of this with the distance to MWC 314 with
the recently launched GAIA satellite will provide constraints on the
physical size of the outflow, allowing us to better understand mass
exchange in this binary system. All of these analyses will yield
insights into the physics of the system which likely includes RLOF
and accretion, and which could include either a circumbinary disc
or jets. MWC 314 is an exciting target for our understanding of
post-main-sequence binary interactions of massive stars.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online ver-
sion of this article:

Table A1. Spectroscopic observing log.

Table A2. CHARA interferometric observing log.

Table A3. New radial velocity measurements.

Table A4. Ground-based photometric measurements.

Table AS. V> Measurements from CHARA.

Table A6. Orbital light curve from MOST.

Table A7. Pulsational light curve from MOST.

Figure Al. (1, v) sampling of the CHARA measurements, showing
that the observations sample many different baselines and position
angles on the sky.

Figure A2. The entire detrended MOST light curve, with our two
frequency fit overplotted. The detrending has removed the orbitally
modulated variation, and only pulsational behaviour remains. Small
points represent individual measurements, with the large points
representing the orbital means
(http://mnras.oxfordjournals.org/lookup/suppl/doi: 10.1093/mnras/
stv2291/-/DC1).

Please note: Oxford University Press is not responsible for the
content or functionality of any supporting materials supplied by

9T0Z ‘0Z duUN( U0 [ea41UO A 8p d1sJBAIUN e /B10'S[eulno [plojxo'sesuw//:dny wody papeojumoq


http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/stv2291/-/DC1
http://mnras.oxfordjournals.org/lookup/suppl/doi:10.1093/mnras/stv2291/-/DC1
http://mnras.oxfordjournals.org/

the authors. Any queries (other than missing material) should be
directed to the corresponding author for the article.

L Département de physique and Centre de Recherche en Astrophysique du
Québec (CRAQ), Université de Montréal, C.P. 6128, Succ. Centre-Ville,
Montréal, Québec H3C 3J7, Canada

2Center for High Angular Resolution Astronomy, Department of Physics
and Astronomy, Georgia State University, PO Box 5060, Atlanta, GA 30302-
5060, USA

3 Astronomical Institute, Graduate School of Science, Tohoku University,
Sendai, Miyagi 980-8578, Japan

4The CHARA Array, Mount Wilson Observatory, Mount Wilson, CA 91023,
USA

SDepartment of Physics and Astronomy, University of North Carolina at
Greensboro, Greensboro, NC 27402-6170, USA

Yale University, New Haven, CT 06520-8101, USA

"Max Planck Institute for Radio Astronomy, PO Box 20 24, D-53010 Bonn,
Germany

8 National Optical Astronomy Observatory, 950 North Cherry Ave, Tucson,
AZ 85719, USA

The massive, interacting binary MWC 314 257

9 Department of Physics, Clarkson University, 8 Clarkson Ave, Potsdam, NY
13699, USA

10 nstituto de Astronomia, Universidad Nacional Auténoma de México, En-
senada, BC 22860, Mexico

" Department of Physics and Astronomy, University of British Columbia,
6224 Agricultural Road, Vancouver, BC V6T 1Z1, Canada

2 Department of Mathematics, Physics & Geology, Cape Breton University,
1250 Grand Lake Road, Sydney, NS B1P 6L2, Canada

3 Department of Astronomy and Physics, Institute for Computational Astro-
physics, St Mary’s University Halifax, NS B3H 3C3, Canada

Y nstitute for Astronomy, University of Vienna, Tiirkenschanzstrasse 17,
A-1180 Vienna, Austria

I5NASA Ames Research Center, Moffett Field, CA 94035, USA

1% Department of Astronomy and Astrophysics, University of Toronto, 50 St
George Street, Toronto, ON M5S 3H4, Canada

" Harvard—Smithsonian Center for Astrophysics, 60 Garden Street, Cam-
bridge, MA 02138, USA

This paper has been typeset from a TEX/IATEX file prepared by the author.

MNRAS 455, 244-257 (2016)

9T0Z ‘0Z duUN( U0 [ea41UO A 8p d1sJBAIUN e /B10'S[eulno [plojxo'sesuw//:dny wody papeojumoq


http://mnras.oxfordjournals.org/

