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Abstract

The optical spectrum of WR 138 exhibits emission lines typical of a WN6o star and absorption lines from a rapidly-rotating OB
star. Using a large set of spectroscopic data, we establish a new orbital solution of the WN6o star based on the radial velocities of
o) highly-ionized nitrogen lines. We show that the WN6o0 star moves on a 4.3 yr orbit with a comparatively low eccentricity of 0.16.
N The radial velocities of the OB star display considerable scatter. Our best estimates of the velocities of He1 absorption lines result
in a mass-ratio of mwneo/mos = 0.53 £ 0.09. We disentangle the spectra of the two stars and derive a projected rotational velocity

&
E actually a triple system.

of v sini = 350 + 10km s~! for the OB star. Our best orbital parameters, combined with the Gaia parallax of WR 138, are at odds
with a previous interferometric detection of the companion, suggesting that there is either a bias in this detection or that WR 138 is
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—1. Introduction

There is consensus that classical Wolf-Rayet (WR) stars are
= evolved descendants of massive OB-type stars that have lost
their outer hydrogen-rich layers (Crowther,|2007). How exactly
1 this evolution proceeds is not clear though: both wind mass-loss
and binary interaction could lead to the formation of WR stars.
The incidence of known binaries among Galactic WR stars led
% to the suggestion that > 70% of their progenitor O-type stars
——are in binary systems that are close enough to enable a Roche
lobe overflow (RLOF) interaction over their lifetime (Vanbev-
eren et al, |1998)). Over the last two decades, intensive studies
©) of O stars indeed revealed that the majority of them are part
[N~ of binary or higher multiplicity systems (Sana et al., 2012} and
[™~ references therein). The mass and angular momentum transfers
N that occur during a RLOF interaction can result in a significant
= spin-up of the mass gainer (Packet, |1981). In WR + O binaries
that have evolved through binary interaction, the O star should
thus be a rapid rotator. This expectation was confirmed obser-
(\J vationally for a sample of eleven WR + O systems (Shara et
" [al} 2017), though the rotation rates were found to be signifi-
2 cantly subcritical (Vanbeveren et al., [2018). Probably one of
the most extreme cases to investigate in this context is WR 138

E (= HD 193 077), the target of the present study.

Although the presence of absorption lines in the spectrum
of WR 138 was recognized a long time ago (Hiltner, |1945)),
the multiplicity of this star has been an open issue for many
years. [Massey| (1980) found no evidence for an orbital motion
of the emission lines with an amplitude larger than 30kms™!
and for periods of less than six months. He accordingly sug-
gested that the broad absorption lines, for which he estimated
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v sini =~ 500 kms~!, would be intrinsic to the WN star. Using a
more extensive series of photographic spectra, [Lamontagne et
al.| (1982) noted low-amplitude radial velocity (RV) variations
of the N1v 14058 emission line on periods of 2.3238 days and
either of 1763 or 1533 days. Yet, the short period variations
were seen neither in the Hem 14686 emission line nor in the
absorption lines. Instead, the RVs of the Hen 14686 emission
were seen to vary on the same long period as those of the N1v
414058 line, and the absorption line RVs were found to vary in
antiphase also on that period. [Lamontagne et al.|[(1982) there-
fore classified WR 138 as a triple system consisting of a WN6
star orbited every 2.32days by an unseen companion, which
they tentatively proposed to be a neutron star, and an O-type star
on a much wider orbit. The existence of the 2.32 day cycle was
not confirmed in subsequent RV studies (Annukl|1990; Palate et
al [2013). Moreover, WR 138 does not display the strong and
hard X-ray emission one would expect from a neutron star in
close orbit to a WN star. Instead, the X-ray emission was found
to be typical of wide WR + OB colliding wind binaries (Palate
et al., 2013)). The most recent orbital solution of the WN star
was published by Annuk| (1990), who inferred an orbital period
of 1538 + 14days, a RV amplitude of K ~ 30kms~! and an
eccentricity of e ~ 0.3. Yet, different emission lines led to dif-
ferent values of K and e, and |Annuk! (1990) could not measure
the RVs of the absorption lines. Further information regarding
the multiplicity of WR 138 was gathered via H-band CHARA
interferometry that allowed to resolve the star into two objects
separated by 12.4 mas (Richardson et al.l [2016). [Richardson
et al.| (2016) thus suggested that WR 138 might have evolved
through a previous mass-transfer episode that created the WR
star and led to a spin-up of the O-type star.

In the present work, we revisit the orbit of WR 138, using
a large set of optical spectra collected over twelve years. The
data used in our study are described in Sect.[2] The analysis of
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the spectroscopic and photometric data are presented in Sects. 3]
and [] respectively. The implications of our results are finally
discussed in Sect.[5] and our conclusions are given in Sect.[6]

2. Observations

Between 2011 and 2022, we observed WR 138 with the
Aurélie spectrograph (Gillet et al.,[1994) at the 1.52 m telescope
of the Observatoire de Haute Provence (OHP) in France. Data
were collected once per year (except in 2014, 2015 and 2021)
in the framework of observing runs lasting for six nights each.
Different gratings and different wavelength domains were used.
The data from 2011 and 2012 were previously used in the work
of |Palate et al.|(2013)). The most frequently covered wavelength
domain extends from 4448 to 4886 A and was observed at a re-
solving power of =~ 10000. Until 2018, the detector was an
EEV CCD with 2048 x 1024 pixels. From 2019 on, it was re-
placed by an Andor CCD camera with 2048 x 512 pixels. Both
CCDs had pixel sizes of 13.5 um squared. Typical integration
times of individual exposures were 30 min. The Aurélie spectra
were reduced using version 17FEBpl 1.2 of the mipas software
developed at ESO.

Since 2016, we monitored WR 138 more regularly with the
fully robotic 1.2 m TIGRE telescope (Schmitt et al., [2014;
Gonzalez-Perez et al.| 2022) located at La Luz Observatory near
Guanajuato (Mexico). TIGRE collects echelle spectra with the
refurbished HEROS spectrograph (Kaufer, 1998} Schmitt et al.}
2014; |Gonzalez-Perez et al., 2022) which provides a spectral
resolving power of 20000 over the optical range from 3760
— 8700 A, except for a small gap between 5660 and 5770 A.
Individual integration times were typically 1hour. The data
were reduced with the HEROS reduction pipeline (Mittag et
al., 20115 |Schmutt et al., 2014).

High-precision space-borne photometry of WR 138 was col-
lected with the Transiting Exoplanet Survey Satellite (TESS,
Ricker et al., 2015) during sectors 14 (18 July - 15 August
2019), 15 (15 August - 11 September 2019), 41 (23 July - 20
August 2021), and 55 (5 August - 1 September 2022). All ob-
servations were taken with TESS camera 1, except for the last
sector, where WR 138 was observed with camera 3. For sectors
14 and 15 the data were obtained at a cadence of one observa-
tion every 30 min, whilst it was one observation every 10 min
for sectors 41 and 55. We retrieved the corresponding full
frame images from the Mikulski Archive for Space Telescopes
(MAST) portaﬂ and extracted aperture photometry light curves
with the LightkurveE] software. The background correction
was done using either the median flux of the background pix-
els (defined as pixels with flux values below the median of a
50 x 50 pixels cut-out) or performing a principal component
analysis (PCA) with five components. Both methods yield very
similar results. In the following we focus on the light curve
obtained via the PCA background correction. The stellar fluxes

3http://mast.stsci.edu/
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corrected for the background were finally converted into magni-
tudes and the mean magnitude of the corresponding sector was
subtracted.

3. Radial velocities

The optical spectrum of WR 138 features many strong and
broad emission lines, typical of a WN6o star, where the "o’ tag
indicates the absence of H in the spectrum (Smith et al.| [1996;
Crowther & Walborn| [2011)). Previously, WR 138 was classi-
fied as WN5o0 + B? by Smith et al.| (1996), WN6 + 09-9.51-
II by |Annuk (1990), WN60 by |Crowther & Walborn| (2011)),
and WN5o0 + O9V by Richardson et al.| (2016). The rela-
tive strengths of the Nm, N1v and Nv lines clearly position
WR 138 at the boundary between the WN5 and WN6 spec-
tral types. Hereafter, we will adopt the WN6o classification for
the Wolf-Rayet star, following the revised classification criteria
of |Crowther & Walborn| (2011)). In addition to these emission
lines, the spectrum displays broad He1 absorption lines that are
not P-Cygni absorption troughs and are attributed to the OB
star.

3.1. The orbit of the WN6o star

The majority of the emission lines are either blends of dif-
ferent ions (e.g. the Nv 14620 line that is blended with the
N 214634 - 42 complex) or occasionally display a complex
morphology of their peak (e.g. Hemr 414542, 4686, 5412) thus
making them less suitable for RV measurements. Indeed, as
for many Wolf-Rayet stars, the broad emission lines of WR 138
display variable subpeaks (Lépine & Moffat,|1999; Palate et al.,
2013) that could actually affect the determination of the RV of
the WN star. Ideally, we aim at measuring the RVs of lines from
ions with a high ionization potential as they should arise deeper
within the wind (Herald et al., 2000), thereby better reflecting
the true RV variations of the WN6o star. Moreover, these N 1v
and Nv lines were empirically found to display the smallest
scatter in high-cadence observations of WR 138 (Dsilva et al.,
2022)), suggesting that they are less affected by the wind inho-
mogeneities that strongly impact the profiles of He m emission
lines (Lépine & Moftat,|1999). In some WR + OB binaries, ad-
ditional emission can arise from the radiatively cooling material
in the post-shock region of the colliding wind interaction zone.
Such an extra emission component could distort the line profile
and bias the RV determination. The X-ray spectrum of WR 138
indeed suggests the presence of a wind interaction (Palate et al.
2013). Considering the wind parameters inferred by |[Richard-
son et al.[(2016) and the orbital parameters from our orbital so-
lution below, we can estimate a cooling parameter y = 3.0/ sini
for the shocked wind of the WN star at periastron (i.e., at the
orbital phase when cooling should be most efficient). This y pa-
rameter provides the ratio between the cooling time and the es-
cape time from the shock region (Stevens et al.[|1992). A value
larger than 1 implies an adiabatic interaction zone, where ra-
diative cooling does not play a significant role. We thus expect
very little extra optical line emission from the wind interaction
zone in WR 138.
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8303.918 —0.7x64 —34£139 T Figure 1: Fourier spectrum of the RVwy time series (top) and spectral window
8354.926 —-135+45 -13.7+£73 A of the data (bottom). The insert in the top frame provides a zoom on the low
8574.933 -32.4+49 51.0+8.9 T frequency part of the spectrum.
8604.943 -445+119 12.1 £13.1 T
8644.856 —40.4£2.3 23.1£17.6 T To determine the RVs of the WN6o star, we thus selected
8648.834 -43.1 +£8.4 16.8 £ 14.3 T . . . . . .
8675.917 _48.8 + 8.4 12.8 + 28 3 T several relatively isolated lines of highly-ionized nitrogen: N 1v
’ e a1 14058, 5204, 7103 - 7129, and Nv 414604, 4945. The
8705.800 -47.3+10.8 53+19 T . .
N1v 217103 - 7129 feature is a complex multiplet but shows
8719.840 -40.1 £10.2 159+59 A Lo
a well-defined peak near 47117, thus making it suitable for
8738.705 -455+9.1 15.7 +15.8 T L
RV measurements. The Nv 14604 line is part of a doublet
8767.600 —428+£54 149 +£22.9 T . .
together with N v 14620. However, since the latter component
8810.572 -37.9+£3.9 17.1 £19.9 T . .
is severely blended with the N1 4414634 - 42 complex, only
8941.952 -16.7+7.4 192 +5.7 T . .
the N v 214604 could be measured. We determined the line cen-
8980.924 -16.6 £7.6 20.7 +7.7 T : . . .
troids of these five emissions on the TIGRE data using Gaussian
9035.846 52+£72 -16.1+54 T A .
fits to the entire line profile. For each line, we then subtracted
9096.661 16.0+10.6 -12.3+12.9 T . .
the mean RV over the full TIGRE campaign. Finally, for each
9127.640 59+85 -9.7+126 T .
TIGRE observation, we took the mean of these corrected RVs
9143.590 390149 -93+15.0 T . . . .
of the nitrogen lines. In view of the nearly even sampling of the
9174.573 20.7 +13.6 164 +3.5 T . . .
orbital cycle by the TIGRE data and assuming a nearly circular
9307.949 36.3+8.0 -38.7+13.1 T . X . . .
orbit, the ensuing orbital solution should have a systemic veloc-
9443.683 33.7+14.5 -5.1+58 T . 21 . . .
ity close to Okm s~ by construction. The dispersion about the
9499.587 36.9 £4.7 -05+6.6 T . o . B
resulting RVwn was used as an indicator of the uncertamt In
9524.594 29.0+53 -10.0+8.2 T .
the OHP spectra, only the N v 14604 line is covered. We sub-
9670.956 226+96 -166+7.5 T S .
tracted the mean RV of this line, as determined on the TIGRE
9686.893 159+99 03+12.6 T
data, from the OHP measurements. We then averaged all the
9687.887 259+7.38 8.2+12.6 T . . .
corrected RVs obtained during the same six-night OHP observ-
9689.957 36.1 £3.4 13.3+12.6 T . . . :
ing run. The resulting RVywy values are listed in Table[I]
9691.963 18980 -9.7=x12.6 T . . . . .
To establish the orbital period, we applied the modified
9693.887 323+£26 -11.6+126 T . . .
Fourier periodogram algorithm of [Heck et al.| (1985)) and |Gos-
9853.787 —-87+55 —-52+42 A ot all (00T) to th dine ies of RV
10043.958 2254117 50430 T set et al.| ( ) to the corresponding time series o wN (see

Fig.[T). This Fourier method explicitly accounts for the highly
uneven sampling of the time series. The time series spans an

>Throughout this paper, quoted errors correspond to 1 ¢ intervals.
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Figure 2: SB1 orbital solution of the WN star as determined from the RVs of
the highly-ionized nitrogen lines RVwn combined with the data of | Dsilva et al.
(2022). Blue squares stand for the TIGRE data, while the magenta triangles
indicate OHP data and green circles are RVs from |Dsilva et al.| (2022).

interval of 4216 days, leading to a natural width of the peaks in
the periodogram of 2.37 10~ d~!. The highest peak in the peri-
odogram is found at a frequency of (6.40 + 0.12) 107*d"!, cor-
responding to an orbital period of (1563 + 29) days, i.e. 4.3 yrs.
The quoted uncertainty is obtained assuming that the position
of the highest peak in the periodogram can be determined with
an accuracy of 1/20 of the natural width of the peak.

We used the Liege Orbital Solution Package (LOSP, Sana
et al., 2006) to establish an SB1 orbital solution for the WN
star (Fig.[2), taking the above determination of the orbital pe-
riod as a first guess, but allowing LOSP to adjust its value. All
data points with a nominal uncertainty below 10kms~' were
assigned a weight of 1.0, whilst those with larger uncertainties
were given a weight of 0.5. The resulting orbital elements are
quoted in Table[2}

We also used the 40 RV measurements of the WN6o star pub-
lished by |Dsilva et al.|(2022) for what they call weak N v lines
(which includes N v 4114604, 4620, 4945). Those RVs are rela-
tive values as they were obtained via a cross-correlation with a
template spectrum built from their highest quality spectra. With
respect to our RVwy values, we found a shift in systemic ve-
locity of 45.9kms™!, that we then applied to compute a com-
bined orbital solution (see Fig.@]). Overall, we find an excellent
agreement between our RVs and those of Dsilva et al.| (2022).
Compared to the solutions of |Annuk| (1990), our orbital solu-
tion yields a ~ 25% larger amplitude (39.9 kms~! versus 30.6 —
34.3kms™!) and a significantly lower eccentricity (0.16 versus
0.29 — 0.35). The rather large value of the mass function clearly
points towards a companion that must be a relatively massive
object.

Table 2: SB1 orbital elements of the WN6o star in WR 138. The y velocity is
consistent with O by construction of the RVs. It does not reflect the true apparent
systemic velocity of the WNG6o star. ¢y stands for the time of periastron passage,
while w is the argument of periastron. f(m) is the mass function.

RVwn RVwn + RVpyitva

Py (days) 1553 + 14 1559 + 10

y (kms") 1112 ~03+0.7

e 0.15+0.04 0.16 £ 0.03

K (kms™h) 406 = 1.7 399+1.0
w (%) 233 £ 16 250 +9

awneo Sini (Ry) 1233 55 1215 + 32

to (HID-2450000) 7343 + 66 7408 + 39
F(m) (My) 104 +38 99426

rms (kms™!) 7.5 6.0

Our complete dataset covers a bit less than three full orbital
cycles of WR 138. To look for possible cycle to cycle varia-
tions, we inspected both the RVs and the O-C residuals of our
orbital solution as a function of time (Fig.[3). No significant
systematic trends were found.

We also examined the RV of three He n emission lines (He 11
A14542, 4686, 4859) measured on our TIGRE and OHP data.
Again, we subtracted the mean values of the TIGRE RVs to
shift all the lines to the same systemic velocity near 0.0kms™'.
For the OHP data, we again took the mean of the RVs measured
during each observing run. The results are shown in Fig.[]
along with our orbital solution derived from the RVs of the
highly-ionized nitrogen lines combined with the data of |Dsilva
et al.|(2022). As one can see on this figure, the RVs of the He i1
lines are fully consistent with the orbital solution inferred from
the nitrogen lines, with only a marginally larger dispersion (rms
of 7.7kms™").

Finally, we briefly addressed the question of short-term RV
variations of the WN6o star. Based on a high-cadence moni-
toring of WR 138 over two weeks in August 2019, |Dsilva et al.
(2022) concluded that the N'v line RV varied with o = Skms™!.
This is very similar to what we found from our intensive OHP
campaigns (see also |Palate et al.| 2013). To further quantify
this, we applied our Fourier method to our complete time series
of 136 RV data of highly-ionized nitrogen lines (i.e. not using
the mean RVs of each OHP run, but considering instead all in-
dividual RVs). In this way, we checked that there is no signal in
the RV time series at frequencies around the 2.3238 day period
advocated by Lamontagne et al.|(1982)) or at any other short pe-
riod. We thus confirm the finding by |Annuk| (1990) and |Palate
et al.[(2013)) that there is no evidence for the presence of a close
companion to the WN6o star.

3.2. The OB absorption lines: to move or not to move?

As noted in previous studies (Lamontagne et al., |1982} | An-
nuk, [1990), the RVs of the OB star are even more difficult to
establish than those of the WN60 component. This is because
the absorption lines are broad and fall on top of the WN60 emis-
sion lines. Moreover, they apparently undergo line profile vari-
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Figure 3: RVwnN combined with the data of |Dsilva et al.|(2022) (top panel) and
associated O-C residuals with respect to our orbital solution (bottom panel) as
a function of time. The symbols have the same meaning as in Fig.[2}
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Figure 4: RVs of the He 1 emission lines of the WN6o star. The blue squares
stand for the TIGRE data, while the magenta triangles indicate OHP data. The
solid line corresponds to our orbital solution inferred from the highly-ionized
nitrogen lines.

ations (see Fig.[). The latter could be intrinsic to the OB star,
or they could result from the blends with the WN60 emission
lines which are themselves undergoing substantial line profile
variations (Lépine & Moffat, [1999; Palate et al., 2013). As a
first attempt to derive the RVs of the OB star, we measured the
three strongest and least blended He1 absorption lines in the

8053.570

8016.667

7890.918

Normalized Flux

7842.971

4460 44
Wavelength (&)
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Figure 5: Example of the changing line profile of the He1 14471 absorption
line. For clarity the different normalized spectra are vertically shifted. The data
were taken with TIGRE in 2017 and the dates of the observations are indicated
on the right in the format HID-2450000.

optical spectrum (He1 114471, 4922, 5876) by fitting Gaussian
profiles. To evaluate RVpp for a given epoch of observation,
we took the mean of the RVs of those three lines from which
we had previously subtracted the mean RV value of that line
averaged over all TIGRE data. For the OHP data, we further
averaged the values from the different nights of each observing
run.

Overall, the values of RVpg computed from the Gaussian
fits are subject to ~ 1.5 times larger uncertainties than those
of RVyn. Moreover, they show a significantly larger disper-
sion when folded with the orbital period. Figure[f] illustrates
RV g versus RVyy along with a linear regression. The best re-
gression yields a mass ratio of g = % = 0.53 £ 0.09. The
corresponding orbital solution is shown along with the RVop
values in Fig.[7]

Together with the mass function

. 3.
m(‘ii—s;l;z’ = (9.9 +2.6) My

from the SB1 orbital solution of the WN60o component, the
value of g results in minimum masses of mwneo sindi = (123 +
4.2) My, and mog sin’i = (23.2 £ 6.9) M. Comparing the mini-
mum mass of the OB star with the typical mass of 09.5V stars
(23.4 M,,) from Martins et al.| (2005), we conclude that the or-
bital inclination must be rather close to 90°, and should be in
any case larger than ~ 62°.

Since the blend of the OB absorption lines with the WN60
emission lines could bias our determination of the OB RVs, we
made another attempt to establish these RV's by using our spec-
tral disentangling code based on the shift and add algorithm

f(m) =
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Figure 7: RVpp along with the orbital solution corresponding to the reflex mo-
tion of the OB star around the WN6o star for ¢ = 0.53 (solid line). TIGRE
data are shown by blue squares, while OHP data are shown by magenta trian-
gles. The dashed line corresponds to a value of ¢ = 3.20 required to match the
interferometric separation measured by |Richardson et al.| (2016) for an orbital
inclination of 90° and a distance of 1380 pc (see text).

described by |Gonzalez & Levato| (2006). This method allows
in principle to reconstruct the individual mean spectrum of the
components of a binary system and to simultaneously deter-
mine their RVs for each epoch of observation. In the present
case, we fixed the RVs of the WN6o star to the values com-
puted from the best SB1 orbital solution based on the N1v and
Nv emission lines. During the first 30 iterations, the RVs of
the OB star were set to the RVgg values described above. In the
subsequent iterations, the RVs of the OB star were then allowed
to vary. For each observation, we cross-correlated the residual
spectrum, corresponding to the difference between the observed
spectrum and the reconstructed WN6o spectrum shifted with
the appropriate RV, with a TLUSTY synthetic spectrunﬁ (Lanz
& Hubeny, [2003). This method was applied to data over three
spectral ranges (4000 — 4400 A, 4440 — 4580 A, and 4800 —
5000 A) which display rather strong absorption lines in the syn-
thetic spectrum. We restricted ourselves to the 24 TIGRE spec-
tra with the highest S/N ratio. Yet, the results did not allow us
to improve our estimates of the RV of the OB star. Indeed, for
a given epoch of observation, the RVs of the OB star estimated
from the different wavelength domains display a significant dis-
persion. This dispersion most likely arises from the short-term
variability that affects the data and produces asymmetric line
profiles (see Fig.[5).

In view of the above-mentioned difficulties, we finally per-
formed the spectral disentangling keeping the RV's of the WN60
star fixed to those of the best SB1 orbital solution and setting
the RVs of the OB star to those corresponding to a mass ra-
tio of ¢ = 0.53. While the reconstructed spectrum of the OB
star unveils absorption lines that were difficult to distinguish in
the original individual observations (see left panel of Fig.[g),
the disentangling is certainly far from perfect. Indeed, we note
that in some lines (e.g. Her 414471 and 5876, see right panel
of Fig.[§), the reconstructed spectrum of the WN6o star still
displays some residual absorptions, implying that the strength
of those lines is probably underestimated in the reconstructed
spectrum of the OB star. Moreover, the variability of the WN6o
spectrum due to wind inhomogeneities also pollutes the recon-
structed spectrum of the OB star, notably in the He 1 1 4686 and
the H1 Balmer lines which display strong emission artefacts.

Keeping those imperfections in mind, we have nevertheless
attempted a rough spectral classification of the OB star based
on the disentangled spectra. The ratio of the equivalent widths
of the He1 14471 and Het 14542 absorptions near ~ 4 yields
a spectral type 09.5 (Conti & Alschuler;, |1971; Mathys), [1988)).
Taking into account that the reconstructed OB spectrum might
underestimate the strength of He1 14471, an 09.7 spectral type
remains possible. An 09.5 spectral type is also in agreement
with the fact that He 1 14200 is slightly weaker than He1.44144
(Sota et al., [2011). In the same way, the ratio of the equiv-
alent widths of the Sitv 414089 and He1 44144 absorptions
suggests a V-III luminosity class (Conti & Alschuler, [1971).
The Si1tv 14089/He1 14026 criterion of |Sota et al.|(2011) sug-
gests a slightly more luminous IIT - IT luminosity class. Com-

®For this purpose, we used a synthetic spectrum with Ter = 30000K,
log g = 4.0 rotationally broadened to v sini = 350km s~
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paring the strength of the He1 lines relative to the continuum
with those of the same lines in synthetic TLUSTY spectra for
Tes equal to 30000 or 32 500 K, we conclude that the absorp-
tion lines in the spectrum of WR 138 are diluted by about a
factor 2. Hence, the optical brightness of the OB star and the
WN6o star should be nearly equal, in good agreement with the
results from the model atmosphere spectral energy distribution
(SED) fitting of Richardson et al.|(2016). We finally applied
the Fourier transform method (Simon-Diaz & Herrero, 2007)
to the He1 414471, 4922 line profiles to infer the value of the
projected rotational velocity v sini (see Fig.[9). In this way, we
inferred values of (360 + 10)kms~! for the He1 14471 line,
and (340 + 10)kms™! for He1 14922. Our results hence indi-
cate a v sini = (350 = 10)kms™', in excellent agreement with
Richardson et al.|(2016)).

Given the uncertainties on the RVs of the OB star, and the
difficulties to reconcile the RV orbital solution and the interfer-
ometric results (see the forthcoming Sect.@, we further tested
the possibility that the OB star might not be moving with the
4.3 yr period, by setting the RVs of the OB star to zero in the
disentangling process. The reconstructed spectra of the OB star
looked quite similar to those obtained for ¢ = 0.53 despite
the radically different assumptions on the RVs. This situation
prompted us to test the significance of the anti-correlation be-
tween RVpp and RVwy (Fig.@. We first computed the Pear-
son correlation coefficient » = —0.68 and the Spearman rank-
order correlation coefficient r¢ = —0.65. Both values indicate
a highly significant anti-correlation between RVop and RVwyn.
To go one step further, we performed a series of simulations
where we re-shuffled the couples of RVop and RVwy measure-
ments, randomly assigning one of the observed RVgg (and its
estimated error) to an observed RVwy (along with its error). For
each simulated realization of our time series, we inferred the
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slope of a putative linear relation between RV g and RVyy, and
thus the corresponding value of g. We repeated this procedure a
million times and built a histogram of the frequency of the val-
ues of ¢g. The result is illustrated in Fig.[T0} We stress that neg-
ative values of g represent positive correlations between RVgp
and RVwy and do thus not reflect a genuine mass ratio. Because
of the random shuffling, the expected mean value of the slope
is zero (corresponding to the absence of any correlation). Com-
paring with our observed value of ¢ = 0.53 + 0.09, we find that
the re-shuffled time series yield a slope > 0.53 in only 0.0008%
of the simulations. A slope > 0.44 (i.e. > 0.53 — 1 0) is found
for 0.08% of the cases, and a slope > 0.26 (i.e. > 0.53 —30)
for 5.3%. Hence, we conclude that the anti-correlation between
RVop and RVyy is indeed highly significant.

4. Photometry

Martin & Plummer| (1919), \Gaposchkin| (1942) and |[Ross
(1961) first detected low-level irregular photometric variabil-
ity of WR 138. A photometric period of 11.6 days was reported
by Moffat & Sharal (1986)). However, this result was based on
a rather scarce data set and could be an artefact as sporadic
periodicities are frequently found in ground-based photometric
observations of WR stars (e.g./Gosset et al.|[1994). A first set of
space-borne photometric measurements was obtained with the
Hipparcos satellite. From these data, Marchenko et al.| (1998)
reported WR 138 to display a stochastic variability.

The high-cadence TESS data allow us to reconsider this
point. The left panel of Fig.[T]] illustrates the light curve of
WR 138 over the four sectors covered by TESS. From this fig-
ure, it becomes clear that the star displays variability at the

~ 10 mmag level. No obvious periodic pattern is apparent in
the light curves. To quantify this, we applied our Fourier period
search method to the time series of each sector. The result-
ing Fourier periodograms are illustrated in the right panel of
Fig.[T1]

A first important conclusion, is that there are no significant
peaks that could hint at a periodic signal. Moreover, the con-
tent of the periodogram changes with time, indicating that we
are seeing stochastic variability. We note also that these pe-
riodograms are essentially empty at frequencies above 4d~'.
Instead, the level increases towards lower frequencies, as one
would expect for a variability dominated by red noise. This situ-
ation is not unexpected as red noise is commonly detected in the
analyses of space-borne photometry of massive stars, including
Wolf-Rayet stars (Nazé et al., 2021} and references therein).

In the case of WR 138, roughly half of the light collected
in the TESS waveband (i.e. between 6000 A and 1 um) should
come from the WN6o star and about half from the OB star
(Richardson et al.,[2016). The absence of significant stable pe-
riodicities indicates that the OB companion is probably not a
B Cep-like pulsator. Therefore, the line profile variability that
affects the broad Her absorption lines is probably not due to
stable pulsations, but rather to stochastic variations of the OB
star and wind variability in the spectrum of the WN6o star.

5. Discussion

5.1. Comparison with interferometric data

As pointed out in Sect.m Richardson et al.| (2016)) resolved
WR 138 with the CHARA interferometer into two objects sep-
arated by 12.4mas. The H-band brightness ratio of the two
sources inferred from the CHARA data was in agreement with
the two objects corresponding to the WN60 and OB stars. The
date of these interferometric observations corresponds to orbital
phase 0.43 in our best SB1 orbital solution of the WN6o star. At
that phase, the orbital separation amounts to r = 1.15 @ where a
is the semi-major axis of the orbit. Likewise, the position angle
¥ (defined as 0° at inferior conjunction of the WN6o star) was
141°. The projection of the separation of the two stars on the
sky then amounts to

\/(r cosy cosi)? + (r siny)?

If we adopt g = 0.53, our best orbital solution leads to a sini =
(1859 + 120) Re, and thus r sini = (2138 + 149) Rg.

The most recent Gaia parallax of WR 138 is equal to w =
0.449+0.022 mas (Gaia Collaboration et al.| [2021)), correspond-
ing to a distance of 2.13 +0.09 kpc (Bailer-Jones et al.,[2021) or
2.2 + 0.1 kpc (Crowther et al.,|2023) depending on the adopted
priors. Adopting a distance of 2.15kpc, the projected separa-
tion at the time of the CHARA observations was thus seen under
an angle of

(4.6 = 0.7) mas

sini

\/(cos W cosi)? + (siny)?-
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Assuming this quantity to be equal to 12.4 mas, and solving for
i yields an inclination close to 20.9° which would result in un-
realistically high masses of over 500 My, for the OB star, and
270 Mg, for the WN6o star. From their SED fitting, Richardson
et al.[(2016) advocate a shorter distance of 1380 pc. If we adopt
this value, we must replace the 4.6 mas in the relation above by
7.2mas. This then leads to an inclination of 32° which would
still imply masses of 156 and 83 M, which are still clearly un-
realistic. An alternative way to illustrate this problem is to apply
Kepler’s third law assuming that Py, = 1559 days holds for the
two objects separated by 12.4 mas, and that this angular sep-
aration corresponds to a (i.e. neglecting projection effects and
the small eccentricity). Adopting a distance of 2.15 kpc would
imply a total mass of the binary of 980 My, whilst the shorter
distance of 1380 pc would still lead to a total mass of 260 M.
Yet another way to illustrate this problem is provided in Fig.[7}
The dashed line in this figure illustrates the RV curve of the OB
star one would expect assuming the interferometric separation
corresponds to the on-sky projection of the orbital separation of
the system with a 4.3 yr orbit. In Fig.[7] we have assumed an
orbital inclination of 90° and a distance of 1380 pc (Richardson
et al.,|2016). This would imply a mass ratio of g = 3.20 which
is clearly at odds with the values of RVgpg, and would once
again lead to unrealistic masses of 174 M, for the OB star and
558 Mg, for the WNo6o star. Adopting instead the Gaia distance
would lead to an even higher value of g, making the situation
even worse.

Therefore, we conclude that it is currently impossible to rec-
oncile the results of the CHARA observation of |[Richardson et
al.| (2016) with our spectroscopic RV solution. Either the in-
terferometric solution is somehow biased, or we are forced to
conclude that the object resolved with CHARA is not the star
responsible for the orbital motion of the WN6o star with a pe-

riod of 1559 days, but a third component that does not undergo
significant RV variations over our observing campaign. At this
stage, we do not know whether this third component is an early-
type star or not, but in case it is, it will likely contribute to the
He1 lines we have measured. This could explain some of the
difficulties encountered in establishing the orbital motion of the
OB component of the 4.3 yr binary.

We can wonder whether a physical triple configuration would
be stable. Assuming that the inner binary consists of a WN6o
star of ~ 12.5 Mg, orbited every 1559 days by a 23.5 Mg 09.5V
star and that this system is itself orbited by another 09.5'V star
(the object detected with CHARA) of identical mass, we can
estimate a total mass of the triple system of ~ 60 M. Kepler’s
third law then implies minimum orbital periods for the outer
orbit of 6467 days for a distance of 2.15 kpc and 3326 days for
a distance of 1380 pc. Whilst these are minimum values of the
orbital period (due to the projection effect), they lead to a very
small ratio between the orbital period of the outer and inner
orbit, which would be inconsistent with a stable hierarchical
triple system (Tokovinin} 2004)).

The luminosities and general properties of the components
of WR 138 inferred by Richardson et al.|(2016) were obtained
assuming two stars (the WN6o star and its OB companion) at a
distance of 1.38kpc. If we are dealing instead with three stars
(the WN60 + OB binary system and a more distant third object),
then scaling the luminosities found by |Richardson et al.[(2016])
to the Gaia distance of 2.15 kpc, the total luminosity of the bi-
nary system becomes 5.4 10° L,. Adopting the effective tem-
perature (31000 K) obtained by [Richardson et al.| (2016)) and
a mass close to 24 Mg, for the OB star, the evolutionary mod-
els of |[Ekstrom et al.| (2012) yield log L/L, ~ 5.2 for the OB
star, suggesting a giant luminosity class (Martins et al., 2005).
Our best-fit mass-ratio then implies a mass of the WN6o star



of (12.7 £ 1.1) My. Using the model-based mass-luminosity
relation for Wolf-Rayet stars proposed by [Schaerer & Maeder
(1992), we estimate log L/L between 5.31 and 5.56 for the
WNG6o star. This results in a combined luminosity of the WN60
+ OB binary between 3.6 10° Ly, and 5.2 10° Ly, in reasonable
agreement with the above estimate.

5.2. Evolutionary state

At this stage, we need to return to the question whether the
properties of WR 138 can be explained by binary interactions.
Indeed, |Richardson et al.|(2016) suggested that WR 138 might
have evolved through a RLOF episode with mass and angular
momentum transfer despite its wide current orbital separation.
For moderately wide binary systems with orbital periods in the
range between 10 and 1000 days, so-called case B RLOF oc-
curs while the mass donor is burning hydrogen in a shell (i.e.
prior to core He burning). This scenario could indeed apply to
WR 138. Three properties are worth considering in this con-
text: the rapid rotation of the OB star, the orbital period and
orbital eccentricity.

Shara et al.| (2017) discussed the projected rotational veloci-
ties of the O-type companions in eleven WR + O binary systems
with orbital periods between 4.2 and 78.5 days. Accounting for
the known inclinations of these systems, and assuming the ro-
tation and orbital axes to be aligned, they inferred equatorial
velocities that clearly exceed those expected for synchronous
rotation and revolution. For the Her lines, [Shara et al.| (2017)
derive an average VeqHer Oof 348 km s~!, whereas the He 11 lines
yield a lower average of Vequen = 173kms~!. |Shara et al.
(2017) attribute this difference to the effect of gravity darken-
ing in stars that are heavily flattened due to their rapid rota-
tion. Unfortunately, the He 11 lines of the OB star in WR 138 are
too weak to infer v sini from the disentangled spectrum. Still,
WR 138 shares many of the properties of the objects discussed
by|Shara et al.|(2017). Indeed, considering the OB star to be the
object that orbits the WN6o star every 4.3 yrs, we find that its
rotational velocity is clearly faster than synchronous. Actually,
with its significantly longer orbital period, WR 138 is clearly
a more extreme case than the objects in the sample of [Shara
et al.| (2017). This is true as far as the orbital separation and
thus the size of the Roche lobe are concerned, and also in terms
of the subsequent evolution of the mass and angular momen-
tum gainer. Concerning the orbital separation, Richardson et al.
(2016) argued that the orbital period of WR 138 is close to the
upper limit on the binary period for an O-type star to undergo
spin-up in a RLOF interaction (Sana et al.| | 2012)). Yet, depend-
ing on the amount of mass lost in the process, the initial orbital
period could well have been shorter than the current value.

If the case B mass transfer is quasi conservative, the mass
gainer would be spun-up to near critical velocity (Packet||1981).
Yet, the rotational velocities inferred by |Shara et al.| (2017) and
also that of the OB star in WR 138 are significantly below the
critical rotation rate. In close systems with short orbital periods,
this situation could stem from tidal interactions that slow down
the O star’s rotation. For longer period systems, especially for a
long-period system such as WR 138, tidal interactions are much
less efficient and thus cannot explain this result. [Vanbeveren et
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al|(2018) accordingly suggested that differential rotation due to
accretion of mass onto the O star could induce a Spruit-Taylor
dynamo effect that would lead to a spin-down of the O star, re-
sulting in a significantly subcritical rotational velocity at the end
of the RLOF episode. In the Vanbeveren et al.| (2018) scenario,
one would thus expect the OB star to be magnetic. In this con-
text, it is worth mentioning that|de la Chevrotiere et al.| (2014
reported a weak spectropolarimetric signal in WR 138 that they
interpreted as a marginal detection of an 80 G magnetic field
in the wind of the WN6o star. Yet, it is unclear whether this
spectropolarimetric signal, which extends over ~ 2000 km s~
in velocity space, could instead come from the OB component.

Finally, while the eccentricity of the orbit of the WN6o star
is relatively small, it is actually not zero. Quite frequently, it is
assumed that a mass transfer episode should lead to rapid circu-
larization of the orbit. However, De Greve|(1991) found that the
properties of WR 140 (WC7 + 04-5V, ¢ ~ 0.8, Poy, = 7.9y1)
were best explained by a case B mass exchange modulated by
the large eccentricity. He argued that tidal interactions were too
slow to circularize the orbit and that the initial eccentricity of
the binary was likely larger than the current value. |Sepinsky et
al| (2007, 2009)), and [Dosopoulou & Kalogera| (2016) investi-
gated the secular variations of the orbital eccentricity and semi-
major axis during mass-transfer in eccentric binaries. They
showed that these quantities can decrease or increase, depend-
ing on the initial values of the mass-ratio and the eccentricity.
Based on these results, we can assume that a similar scenario
might apply to the case of WR 138: it is likely that the ini-
tial eccentricity was considerably higher than the current value,
but tidal interactions were not efficient enough to circularize
the orbit. An alternative scenario that could apply if WR 138
eventually turned out to be a physical (hierarchical) triple sys-
tem is Kozai-Lidov cycles. Indeed, in hierarchical triples, the
Kozai-Lidov mechanism can lead to oscillations of the orbital
eccentricity of the inner binary system (Naoz, 2016). Such
oscillations can enhance tidal interactions and mass-exchange,
thus influencing the evolution of the inner binary (Toonen et al.,
2016). However, at this stage, this is highly speculative as fur-
ther observations are required to firmly establish or discard the
triple star scenario.

6. Conclusions

Our results indicate that the WN6o star in WR 138 is orbited
by a relatively massive companion in a 4.3 yr orbit with an ec-
centricity of 0.16. The rapidly rotating OB star that leaves its
signatures in the combined spectrum offers the most plausible
candidate for being this companion though its RVs are more
difficult to measure. We have shown that the OB star RVs are
anticorrelated with those of the WN6o star. It appears clearly
that the companion of the WN6o star on the 4.3 yr orbit can-
not be the object that was resolved in interferometry with the
CHARA array (Richardson et al.,2016)). This opens up the pos-
sibility of a triple system and calls for additional interferometric
observations.
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