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ABSTRACT

Context. Accurate stellar parameters of individual objects in binary systems are essential to constrain the effects of binarity on stellar
evolution. These parameters serve as a prerequisite to probing existing and future theoretical evolutionary models.

Aims. We aim to derive the atmospheric parameters of the 31 double-lined spectroscopic binaries in the Tarantula Massive Binary
Monitoring sample. This sample, composed of detached, semi-detached and contact systems with at least one of the components
classified as an O-type star, is an excellent test-bed to study how binarity can impact our knowledge of the evolution of massive stars.
Methods. In the present paper, 32 epochs of FLAMES/GIRAFFE spectra are analysed by using spectral disentangling to construct
the individual spectra of 62 components. We then apply the CMFGEN atmosphere code to determine their stellar parameters and their
helium, carbon, and nitrogen surface abundances.

Results. Among the 31 systems that we study in the present paper, we identify between 48 and 77% of them as detached, likely
pre-interacting systems, 16% as semi-detached systems, and between 5 and 35% as systems in or close to contact phase. Based on
the properties of their components, we show that the effects of tides on chemical mixing are limited. Components on longer-period
orbits show higher nitrogen enrichment at their surface than those on shorter-period orbits, in contrast to expectations of rotational
or tidal mixing, implying that other mechanisms play a role in this process. For semi-detached systems, components that fill their
Roche lobe are mass donors. They exhibit higher nitrogen content at their surface and rotate more slowly than their companions. By
accreting new material, their companions spin faster and are likely rejuvenated. Their locations in the N — v sin i diagram tend to show
that binary products are good candidates to populate the two groups of stars (slowly rotating, nitrogen-enriched objects and rapidly
rotating non-enriched objects) that cannot be reproduced through single-star population synthesis. Finally, we find no peculiar surface
abundances for the components in (over-)contact systems, as has been suggested by evolutionary models for tidal mixing.
Conclusions. This sample, consisting of 31 massive binary systems, is the largest sample of binaries composed of at least one O-type
star to be studied in such a homogeneous way by applying spectral disentangling and atmosphere modelling. The study of these
objects gives us strong observational constraints to test theoretical binary evolutionary tracks.

Key words. Stars: early-type - Stars: binaries: spectroscopic - Stars: fundamental parameters - Open clusters and associations:
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* Based on observations collected at the European Southern Observa- Massive stars are among the most important cosmic engines
tory (Paranal and La Silla, Chile) under program IDs 090.D-0323 and playing a considerable role in the ecology of galaxies via theil"
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intense winds, ultraviolet radiation fields, and their explosions
as supernovae. A high fraction of massive OB stars are found in
multiple systems. In young open clusters or OB associations in
the Milky Way, such as IC 1805 (De Becker et al. 2006; Hill-
wig et al. 2006), IC 1848 (Hillwig et al. 2006), NGC 6231 (Sana
et al. 2008), NGC 2244 (Mahy et al. 2009), NGC 6611 (Sana
et al. 2009), Tr 16 (Rauw et al. 2009), IC 2944 (Sana et al. 2011),
CygOBl, 3, 8,9 (Mahy et al. 2013), and Cyg OB2 (Kobulnicky
et al. 2014), the detected spectroscopic binary fraction ranges
between 30 and 60%, and makes up over 90% once observa-
tional biases and orbital periods beyond the spectroscopic binary
regime are taken into account (Sana et al. 2012, 2014). The bi-
nary fraction among the massive star population also remains
high outside our Galaxy. In the Tarantula region in the Large
Magellanic Cloud (LMC), the spectroscopic binary fraction of
massive stars was estimated to be 51% (Sana et al. 2013; Dun-
stall et al. 2015) after correction for the observational biases.

This abundance of multiple systems challenges the usual
view of the predominance of the single-star evolutionary chan-
nel. Even though pre-interacting binaries are probably ideal lab-
oratories to test single star evolution, the presence of a nearby
companion modifies the evolution of a star through tides and
mass transfer. However, large uncertainties remain in the physics
of binary evolution, which is mostly related to internal mixing
and the efficiency of mass and angular momentum transfer. To
answer these questions, observational constraints from large ho-
mogeneous samples of well-characterised binaries are needed.

The Tarantula Nebula (30 Doradus) in the LMC offers an
ideal laboratory to investigate the above-listed physical pro-
cesses, thanks to its large massive star population and young
age. Located at a distance of 50 kpc, and with a metallicity of
one half of solar (0.5 Zy), 30 Dor is the brightest Hu region in
the Local Group and the closest massive starburst region known
so far. The VLT- FLAMES Tarantula Survey (VFTS, Evans et al.
2011) obtained multi-epoch spectra of over 800 massive stars lo-
cated in this region. These data lead to better constraints on the
parameters of the single O- and B-type star populations, and to
the identification of binary systems (Sana et al. 2013; Dunstall
et al. 2015). Among this population of binaries, we highlight
VFTS 527, the most massive binary system known to contain
two O supergiants (Taylor et al. 2011), VFTS 450 and VFTS 652,
two high-mass analogues of classical Algol systems (Howarth
et al. 2015), VFTS 352, one of the most massive contact bina-
ries (Almeida et al. 2015; Abdul-Masih et al. 2019), VFTS 399,
a potential X-ray binary (Clark et al. 2015) and R 145, which is
the most evolved object in the sample (Shenar et al. 2017).

While Sana et al. (2013) were able to detect spectroscopic
binary systems, the secured number of epochs was nevertheless
insufficient to characterise their individual orbital properties. In
this context, the Tarantula Massive Binary Monitoring (TMBM)
project was designed to measure the orbital properties of sys-
tems with orbital periods from about one day up to slightly over
one year. The measurements of the radial velocities (RVs) and
the determinations of the orbital properties for 82 systems (51
single-lined - SB1 - and 31 double-lined - SB2 - spectroscopic
binaries) were performed by Almeida et al. (2017, hereafter Pa-
perI). These authors also studied the period, eccentricity, and
mass-ratio distributions and compared them with those derived
in the Galaxy. They pointed out a universality of the incidence
rate of massive binaries and their orbital properties in the metal-
licity range from solar (Zy) to about half of solar. We are there-
fore curious as to whether the effects on the properties of the
individual components are also similar through different metal-
licity regimes.
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To study the effects of the presence of a companion on
stellar evolution, we must derive the individual properties of
each object. The technique of spectral disentangling can be used
to generate individual spectra of the component stars, notably
in double-lined spectroscopic binaries. These spectra, recon-
structed from observations covering the range of orbital phases
as uniformly as possible, can then be analysed with atmosphere
models. Since the resulting disentangled spectra have a much
higher signal-to-noise ratio than the observed spectra, the spec-
tral disentangling is very useful for chemical abundance analysis
and the determination of the physical properties of the stars. So
far, very few massive galactic systems have in fact been stud-
ied with this technique (see e.g., Mahy et al. 2013, 2017; Mar-
tins et al. 2017; Pavlovski et al. 2018; Raucq et al. 2016, 2017,
among others). These were mostly individual studies and a more
global view is currently lacking to make the bridge between ob-
servations and theory.

The present paper aims to study the physical properties of
each component of the 31 SB2 systems in the TMBM. This is
the first time that such a study has been homogeneously per-
formed on a sample of this size. In addition to the stellar pa-
rameters, the surface abundances are also discussed and com-
pared with respect to stellar evolution. This paper is organised
as follows: Section?2 presents the data and Sect.3 summarises
the methodology of our analysis. Section 4 discusses the effects
of the rotational and tidal mixings, and of the mass transfer on
the evolution of these objects as well as the age and rotation dis-
tributions between the single and binary populations in 30 Dor.
Our conclusions are given in Sect. 5.

2. Observations and data reduction
2.1. Spectroscopic observations

The initial monitoring targeted 102 massive stars in the
Tarantula region. Observations were carried out with the
FLAMES/GIRAFFE spectrograph mounted on the VLT/UT2
operated in its MEDUSA+UVES mode. We obtained 32 un-
evenly sampled epochs of each object using the L427.2 (LR02)
grating which provides continuous spectral coverage of the
3964-4567A wavelength range at a spectral resolving power of
R = 6400. We refer to PaperI for further information on this
monitoring and the data reduction procedure. In the present pa-
per we only focus on the 31 SB2 systems. Figure 1 shows their
location in the Tarantula nebula.

2.2. Photometric observations

Thirteen objects in our sample were observed by the Optical
Gravitational Lensing Experiment (OGLE) project. From the
photometric light curves (Mahy et al. 2019, Paper IV), we use the
relative brightness of the different components of these systems
determined from the light-curve analysis as input to our spectral
disentangling code (see below). The orbital configurations de-
rived photometrically from the inclinations and the Roche lobe
filling factors are discussed in detail in Paper I'V.

3. Methodology
3.1. Spectral disentangling

The spectral disentangling code that we used is based on the
Fourier method (Simon & Sturm 1994; Hadrava 1995; Ilijic
2004) and allows one to obtain the separation of the spectral
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Fig. 1. Location of the 31 SB2 massive systems in the Tarantula nebula. Red circles indicate the detached systems, the green triangles the semi-
detached systems and the blue squares the contact systems. Dashed circles indicate the NGC 2070 and NGC 2060 OB associations (radius of 2.4”)
as well as the older B-type clusters SL 639 and Hodge 301 (radius of 0.33”).

contributions of both components in a system as well as the or-
bital parameters of the system through a minimisation procedure
based on the Nelder & Mead simplex (Nelder & Mead 1965).
The resulting spectra of each component can then be analysed as
if the stars were single.

The RVs and the orbital solutions of the different systems
were derived in Paper 1. They are used as initial input for the
spectral disentangling code. The orbital solutions are then re-
fined to minimise the y? between the observed spectra and the re-
construction of the disentangled spectra. A comparison between
the disentangled and the observed spectra is shown in the Ap-
pendix for each system. For these figures, we shift the disentan-
gled spectra by the RV of each component, multiply them by
the corresponding brightness factor and sum up the two spectra.
These figures allow us to see the impact of the nebular contami-
nation in each different system. Table 1 summarises the new de-
terminations of the orbital parameters for the 31 SB2 systems
under the definition that the primaries correspond to the (cur-
rent) most massive components of the systems. We note that,
in Table 1, the spectral types are from Walborn et al. (2014) and
were established by visual inspection of the strengths of the lines
and comparison with spectral standards. The latter definition as-

sumes that the primary stars are the most luminous objects of the
systems which is different from our definition (based on the most
massive stars as primaries). We also emphasise that HID, refers
to the time when the primary is in front of the secondary for cir-
cular systems and to the time of periastron passage for eccentric
orbits.

Almost all objects in our sample have spectra affected by
nebular contamination. The strengths of these emission lines
vary from one system to another and from one epoch to another.
To eliminate the nebular contamination from the disentangled
spectra, we first consider these nebular features as a third com-
ponent with a static RV but with a variable intensity. We proceed
by running the spectral disentangling code a first time, fixing the
brightness factor (/) of the nebular emissions to 1.0 even though
the strengths of these lines vary from epoch to epoch due to small
variations in the sky and nebula sampled around each target, and
fibre positions. The result consists of a mean spectrum of the
nebular contamination. We then scale this to fit the observed neb-
ular contamination at each epoch. We use this scaling value as
brightness factor and run the spectral disentangling code again
to obtain the final disentangled spectra of the primary and sec-
ondary components as well as for the nebular contamination.
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As mentioned above, the only parameter useful for the
spectral disentangling that cannot be determined through spec-
troscopy is the brightness factor of each component. When pho-
tometry is available, we adopt the value of this parameter from
the light-curve fit with the assumption that /p+Ig = 1. Otherwise,
if no light curve exists for the system, we need to estimate the
brightness ratio in another way. Since the spectral disentangling
yields the strengths of the lines in the primary and secondary
stars relative to the combined spectrum, we estimate the bright-
ness ratio by computing the equivalent widths (EWs) of the He1
and He mt lines within the wavelength range of our spectra and by
comparing these values to those calculated from synthetic spec-
tra corresponding to stars with the same spectral types as the
components of our systems. The ratio between the EWs of the
disentangled spectra and the synthetic ones gives us the theoret-
ical brightness factor for each component. The final condition
before adopting these values is that Ip + I = 1 as previously
mentioned.

Once the resulting spectra, scaled with the brightness fac-
tors, are obtained, a new normalisation procedure is required. In-
deed, during the spectral disentangling procedure and when one
component is not totally eclipsed, an ambiguity exists in the de-
termination of the continuum level. This ambiguity creates low-
frequency oscillations in the continuum of the disentangled spec-
trum that need to be removed before analysing the spectra. Fur-
ther discussions about the spectral disentangling can be found in
Pavlovski & Hensberge (2010) and in Pavlovski & Southworth
(2012). We stress that the uncertainties that could arise from the
normalisation procedure are not taken into account in the global
uncertainties on the presented properties characterising the stars.

3.2. Atmosphere modelling

We use the CMFGEN atmosphere code (Hillier & Miller 1998)
to determine the fundamental parameters of all the components
in our sample. CMFGEN computes non-LTE (Local Thermo-
dynamic Equilibrium) models of massive star atmospheres, in-
cluding winds and line-blanketing. The hydrodynamical struc-
ture is prescribed and consists of an essentially hydrostatic pho-
tosphere, where the density structure dictates the velocity struc-
ture, and a wind where an adopted velocity structure dictates the
density structure. The trans-sonic velocity profile is assumed to
be a B-velocity law; density and velocity are related through the
mass-continuity equation. The level populations are calculated
through the rate equations. A super-level approach is used to re-
duce the size of the problem (and thus the computing time). To
ensure good modelling of our observed spectra, we include the
following elements in our calculations: H, He, C, N, O, Ne, Mg,
Al, Si, S, Ar, Ca, Fe, and Ni. The LMC baseline abundances
were estimated from observations of both Hir regions (Kurt &
Dufour 1998; Garnett 1999) and early-type stars (e.g., Hunter
et al. 2007). We use the baseline values summarised by Brott
et al. (2011a, and references therein) for H, He, C, N, O, Mg, Ne,
Al, Si, and Fe. However, these values were not given for S, Ar,
Ca, and Ni. We therefore extrapolate from the solar abundances
provided by Grevesse et al. (2010) to reach the LMC metallicity
of 0.57Z.

Once the atmospheric structure is obtained, a formal solu-
tion of the radiative transfer equation is performed. A depth-
dependent microturbulent velocity is assumed to compute the
emergent spectrum. This microturbulence varies from 10km s™!
at the photosphere to 10% of the terminal wind velocity at the
top of the atmosphere.

CMFGEN assumes spherical symmetry and since we are
dealing with binaries, the shape of the components can deviate
from sphericity because of rapid rotation and tidal effects. How-
ever, these effects are expected to be significant only for contact,
or close-to-contact systems even though a detailed quantification
of these effects is still lacking. Dedicated tools are being devel-
oped (e.g. Palate & Rauw 2012 and Abdul-Masih et al. in prep.)
to improve the study of these (over-)contact systems. For the cur-
rent study, the uncertainties that can result from this drop shape
are not taken into account.

As mentioned in Sect.2.1, the TMBM LRO02 dataset only
covers the 3964—4567A range. As we detail below, this range
provides a sufficient list of diagnostic lines to constrain stellar
parameters (effective temperature, surface gravity, projected ro-
tational velocity) and chemical abundances of He, C and N, but
lacks diagnostics for stellar winds and O surface abundance. We
therefore keep the oxygen surface abundance fixed to the LMC
baseline value. To constrain the stellar properties and the sur-
face abundances of all the components in our sample, we there-
fore perform the spectroscopic analysis as follows (Sect. 3.2.1 -
3.2.5).

3.2.1. Projected rotational velocities and macroturbulence

Projected rotational velocities and macroturbulence velocities
are determined in an independent way by applying the ia-
cob_broad package from Simén-Diaz & Herrero (2014) on the
He1 4388, He1 4471 and He 1 4542 spectral lines. Before vali-
dating the two parameters, we compare the different values pro-
vided by the Fourier transform method and the goodness-of-fit
method and check the agreement. We use as final values for
the projected rotational velocities the average values between
the Fourier transform and the goodness-of-fit methods. These
parameters are then kept fixed in the atmosphere analysis. We
moreover emphasise that, given the signal-to-noise of our data
and the fact that our analysis relies on the He lines only, the
macroturbulence parameter is approximate (see e.g. Ramirez-
Agudelo et al. 2015).

3.2.2. Effective temperature (T.) and surface gravity (log g)

To constrain the effective temperature and the surface gravity
of our components, we build a grid of synthetic spectra com-
puted with CMFGEN by varying the effective temperature in
steps of AT, = 1000K and the surface gravity in steps of
Alogg = 0.1 (cgs). Our grid covers 27000K < T.g < 47000 K
and 3.1 < logg < 4.4. Luminosities are assigned according
to Brott et al. (2011a) evolutionary tracks from the combina-
tion (Tes,logg) by assuming an initial rotational velocity of
150km s~!. For these models, we use for the mass-loss rate
prescriptions of Vink et al. (2000, 2001) for LMC metallicity.
As emphasised by Ramirez-Agudelo et al. (2017), the mass-loss
predictions of Vink et al. (2001) for LMC metallicity are reason-
able proxies assuming a certain wind volume-filling factor. The
terminal wind velocities are estimated to be 2.6 times the ef-
fective escape velocity from the photosphere (ves., Lamers et al.
1995). Even though this relation is uncertain with a 30% scatter
in the observed values, it is in reasonable concordance with em-
pirically determined terminal velocities of O-stars (Prinja et al.
1991; Lamers et al. 1995). The exponent S5 of the velocity law
was set to 1.0 (see e.g. Repolust et al. 2004; Bouret et al. 2012,
for more details) and the clumping filling factor was adopted as
Jfa = 0.1. For each object, a subset of the model grid was con-
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volved with rotational profiles and radial-tangential profiles cor-
responding to the measured projected rotational velocities v sin i
and macroturbulence v, (see Sect3.2.1). A third convolution
was finally done to take the instrumental broadening into ac-
count. The resulting synthetic spectra are then shifted in RV and
compared to the disentangled spectrum of each object.

The effective temperature was constrained from the ioni-
sation balance between the He1 and Hen lines. We used the
Her+u 4026, He1 4143, Her 4388, He1 4471, Hen 4200,
Hem 4542 lines. However, for several components, mostly B-
type stars, the effective temperatures are too low to produce
Heu lines. For those objects, we consider the ionisation bal-
ance between Sim,Sim, and Siv and between the He1 4471 and
Mg 1 4481 lines as secondary diagnostics.

The surface gravity was obtained from the wings of the Ho,
and Hy lines. Because of the low-frequency oscillations result-
ing from the spectral disentangling code, the normalisation of
the Balmer lines was challenging for some objects, potentially
introducing systematic errors that are difficult to quantify. Teg
and logg were derived simultaneously from the grid of syn-
thetic spectra. The quality of the fit was quantified by means
of a y? analysis on the H and He lines (mainly sensitive to the
surface gravity and effective temperature, respectively). The x>
is computed for each model of the grid and linearly interpo-
lated between the grid points in steps of AT,z = 100K and
Alogg = 0.01 (cgs) to produce the y> maps given in the Ap-
pendix for each component. The error bars in T and log g are
correlated. The uncertainties at 1-, 2-, and 3-0 on T and log g
were estimated from A)(Z = 2.30,6.18, and 11.83 (two degrees
of freedom), respectively (Press et al. 2007). All systems were
treated in this way, except for VFTS 527; the strong stellar winds
observed in this system affect the shapes of the hydrogen and
helium lines (some are observed as P-Cygni profiles). The line
profiles for the two components require a dedicated modelling,
for which the quality is assessed by eye.

3.2.3. Luminosity

The luminosity of the components was estimated in two different
ways. For the systems that have an OGLE light curve, we deter-
mine the luminosities of each component from their radius and
their effective temperature (Paper IV). For the other systems, we
proceed iteratively:

1. We first compute the absolute V magnitude using the appar-
ent V magnitude, the extinction (Rsq9s5 X E(4405 — 5495),
with Rsq9s = 4.5, see Maiz Apelldniz et al. 2014), and the
distance modulus of the LMC (DM = 18.495; Pietrzynski
et al. 2013). We then compute the bolometric magnitudes by
correcting the absolute V magnitude for the bolometric cor-
rection computed from the effective temperature and Eq. (3)
of Martins & Plez (2006). A first estimation is derived from
the bolometric magnitude.

2. We use this value as input to compute new CMFGEN models
for the primary and the secondary, with their Tt and log g
obtained from the grid of CMFGEN synthetic spectra (see
Sect.3.2.2).

3. From the new models, we fit the F275W, F336W, F555W,
F658N, F775U, F110W and F160W fluxes (Sabbi et al.
2016) and the UBVJHK fluxes to constrain the extinction
(listed in Table C.1). We proceed by combining the pri-
mary and secondary best-fit models scaled by their respec-
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tive brightness factor (in the B band'). The reddening law is
taken from Maiz Apellaniz et al. (2014) with Rs49s = 4.5.

4. Finally, the revised and combined models are again com-
pared to the Spectral Energy Distribution (SED) of the sys-
tem (see figures in the Appendix). The extinction as well as
the magnitudes in the different bands are provided in Ta-
ble C.1. The whole process is iteratively repeated until sat-
isfying the fit of the SED of the systems and the individual
disentangled spectra.

3.2.4. Surface abundances

To help constrain the effects of binary interaction, it is essential
to determine the surface abundances of the components. Once
the fundamental parameters are constrained, we apply the same
method as described in Martins et al. (2015). We run several
models changing the He, C and N abundances. Since the wave-
length range of our spectra is limited, so is the number of diag-
nostic lines. Here we provide the list of lines that we use:

— helium: Her+n 4026, He1 4143, Hen 4200, Her 4388,
He14471, and He 1 4542,

— carbon: C 4068-70,

— nitrogen: N1u 4035, Nu 4041, Niv 4058, Nm 4097,
Nm 4197, Nm 4379, N 4511-15-18.

Because the helium lines are used to scale the disentangled
spectra, this creates a bias in the determination of the helium
surface abundances, and therefore, this parameter will not be dis-
cussed further.

3.2.5. Spectral classification

Finally, we revise the spectral classifications of all the compo-
nents of our sample from the disentangled spectra (the previous
estimations from Walborn et al. 2014 are reiterated in Table 1
whilst the new ones are provided in Table 2). For this purpose,
we use the classification criteria of Conti & Alschuler (1971),
Conti (1973), and Mathys (1988, 1989) as well as more recent
criteria from Sana et al. (in prep.). These criteria are based on
the measurements of the equivalent widths of specific spectral
lines. We emphasise that the luminosity classes were only given
for stars with spectral types later than O7. These criteria indeed
do not apply to stars with earlier spectral types. We are also not
able to use the spectral classification criteria provided by Wal-
born (1971, and subsequent papers) because we do not have ac-
cess to the Nm4634—-41 and He w4686 lines in the disentangled
spectra.

All the individual parameters, spectral classifications and
1 — o uncertainties are provided in Table 2. We reiterate that
in the present paper we adopt the primary star to be the cur-
rently most massive star of the system. This definition does not
take the evolution of the components into account (e.g. possible
mass-transfer episodes). Moreover, this definition is also differ-
ent from that given by Walborn et al. (2014), which focused on
the brightness of the components.

! The K band was used in previous VFTS analyses (Bestenlehner
et al. 2014; Ramirez-Agudelo et al. 2017) because an average extinc-
tion value was assumed for all the objects and because the reddening
in this region is less than in the B and V bands. Here, we need the flux
ratio in the B- and V-bands to properly scale the disentangled spectra in
their wavelength domain.
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4. Discussion

From the luminosities, effective temperatures, and surface grav-
ities listed in Table 2 and computed as described in Sect. 3.2, we
place all components in a Hertzsprung-Russell diagram (HRD,
Fig.2) and in the Kiel (log g—T.) diagram (Fig. 3).

We also use the luminosities, effective temperatures, surface
gravities, and projected rotational velocities that we determine as
inputs of the BONNSAI code (BONN Stellar Astrophysics Inter-
face, Schneider et al. 2014 and Schneider et al. 2017). BONN-
SAI is a Bayesian tool that allows us to compare the properties
of the stars with single-star evolutionary models. The ages and
the evolutionary masses provided by BONNSAL are also given
in Table 2 with their 1 — o uncertainties. The stars of our sam-
ple populate the areas corresponding to ages between 0 and 9
Myrs and to evolutionary masses ranging from 10 to 90 M. In-
dividual HRDs are displayed in the Appendix for clarity. The
evolutionary tracks in the Appendix are shown for models that
are computed with an initial rotational velocity that matches the
currently observed v sin i most closely.

By looking at the geometry of the systems and the physical
parameters of their components but ignoring the photometry, we
classify our systems in five different subsamples:

1. Long-period (P > 20 days) non-interacting systems: both
components are well detached and move in a long-period or-
bit. They are expected to evolve through the main sequence
as single stars and interact later, when the most massive
star leaves the main sequence through Case B mass transfer.
We identify VFTS 042, VFTS 063, VFTS 114, VFTS 116,
VFTS 197, VFTS 508, VFTS 527, VFTS 555, and VFTS 771
as belonging to this subsample.

2. Eccentric short-period (P < 10 days) systems: the com-
ponents are well within their Roche lobes, and no sign
of interaction between the components is observed yet.
This subsample contains VFTS 047, VFTS 055, VFTS 140,
VFTS 174, VFTS 327, and VFTS 487.

3. Circular short-period (P < 10 days) systems: the compo-
nents are affected by tides and they have large Roche lobe
filling factors. VFTS 094, VFTS 187, VFTS 217, VFTS 500,
VFTS 543, VFTS 563, VFTS 642, VFTS 661 and VFTS 806
belong to this subsample.

4. Identified contact systems: the two components fill their
Roche lobe well. We find VFTS 066, and VFTS 352 as be-
longing to this subsample.

5. Semi-detached systems: these systems show clear indica-
tion of recent or ongoing Case A mass transfer (the less mas-
sive stars fill their Roche lobe and are in synchronous ro-
tation, while the more massive stars do not fill their Roche
lobe, and show super-synchronous rotation as is expected
for stars that have accreted mass and angular momentum).
Five systems are in this subsample VFTS 061, VFTS 176,
VFTS 450, VFTS 538, and VFTS 652.

In Fig. 4, we show the period-eccentricity diagram for all the
SB2 in our sample. The blue dots represent the systems display-
ing eclipses or ellipsoidal variations and the star symbols mark
the systems that have one component filling its Roche lobe. From
this figure, we see that all the systems that show mass transfer
have an eccentricity of zero and a period shorter than 10 days.
There is also a complete absence of systems with low eccentric-
ities and long periods in our sample.

From the individual properties of the components, we have
between 15 and 24 systems that are potentially in a pre-
interaction phase (subsamples 1, 2, and possibly 3), which is

between 48 and 77% of our sample. Five systems are in a semi-
detached configuration, making up 16% of the sample, and be-
tween S and 35% of our systems are potentially in contact (sub-
samples 3 and 4).

Adopting the most recent binary parameter statistics (from
Sana et al. 2012) and assuming continuous star formation
for a Salpeter initial mass function, de Mink et al. (2014)
showed that those systems that show radial velocity variations
ARV > 20kms~! are dominated by pre-interaction binary sys-
tems (82 %). Semi-detached systems make up 7% and post
mass-transfer systems, where the secondary is an O star, con-
stitute the final 11 %. Given that all the binary systems in our
sample have limited periods (P < 400days), and mass ratios
(Mp/Mys) between 1 and 3, we argue that the percentages in
the different categories mentioned through both studies are fairly
consistent. For all systems in our sample with clear evidence for
strong interaction (Roche lobe filling), both components are un-
dergoing core hydrogen burning, which is consistent with the
expectation from simulated populations based on binary evolu-
tion models (de Mink et al. 2014). Our numbers provide only
a lower limit on the total fraction of post-interaction binaries,
which is expected to grow when considering also the SB1 sys-
tems in the TMBM. Amongst those, there could be binaries with
evolved components, including compact objects. In the follow-
ing, we discuss the data and the trends for objects in these differ-
ent categories in the context of different physical processes.

4.1. Detached systems
4.1.1. Rotational mixing

Rotation is a key ingredient that has been suggested to impact
the fate of the stars, along with the initial mass and metallicity.
It deforms the star to an oblate shape and induces instabilities
in the internal layers, producing turbulent mixing. The rotational
induced mixing can bring fresh material processed in the core to
the surface of the star, with the consequence of higher observed
surface abundances, as it is the case for nitrogen or helium. The
faster the star rotates, the higher its nitrogen and helium sur-
face abundances should be (Maeder & Meynet 2000). Studies
of the carbon, nitrogen and oxygen abundances for OB stars in
the Galaxy and the Magellanic Clouds often show a correlation
between these surface abundances and projected rotational ve-
locities (Hunter et al. 2008, 2009; Mahy et al. 2015; Martins
et al. 2015; Grin et al. 2017). Even though a general trend is
present between the projected rotational velocities and the ni-
trogen content, two groups remain unexplained. An unexpect-
edly large number of objects in these historical data were indeed
found to be either slow rotators and highly nitrogen enriched, or
fast rotators with relatively non-enriched material at their sur-
face. The origins of these two groups are still a matter of debate
but they might be products of binary interactions (tides, mass
transfer, etc.; see de Mink et al. 2009, 2013; Brott et al. 2011b).
Looking at the nitrogen surface abundances of the components
in detached systems that have a priori not undergone previous
binary interactions must in principle help to distinguish the role
of binarity in the nitrogen-abnormal stars.

For our discussion, we decided to focus only on the nitrogen
and to discard the helium and carbon contents. This decision was
made based on the following: (1) the helium lines were used for
18 systems to correct the disentangled spectra for the brightness
ratio in order that they match with the synthetic spectra; (2) the
helium abundances can be significantly affected by the microtur-
bulence velocity that we adopt to compute the synthetic emer-
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Fig. 2. Hertzsprung-Russell diagram. The tracks and the isochrones are from Brott et al. (2011a), computed with an initial rotational velocity of
150km s~'. Filled (open) circles (diamonds) refer to the primary (secondary) of each binary system. The names of the systems are color-coded in
the legend of the figure. This same color-code is used for the different figures of the paper.

gent spectra (McErlean et al. 1998); and (3) the carbon surface
abundance was only determined from the C m 4068-70 doublet.
The latter might not be representative of the global carbon con-
tent of the stars (see Martins et al. 2015; Cazorla et al. 2017a,b,
for more details). The nitrogen abundance is supposed to gradu-
ally increase when the star converts its carbon via the CN-cycle,
while the oxygen remains approximately constant. Later during
its evolution, the star converts the oxygen into nitrogen via the
CNO-cycle, producing more nitrogen.

Figure 5a displays the so-called Hunter diagram, which is the
projected rotational velocity versus the nitrogen content of the
stars. We compare the nitrogen content in short- and long-period
systems that do not exhibit any signs of interaction between both
components (subsamples 1 and 2) in order to detect the influence
of the rotation on the mixing. For systems with long periods, the
effects of the tides are more limited and are possibly expected
at periastron. We compare these values to those determined by
Grin et al. (2017) on the population of single giant and supergiant
O-type stars in the 30 Doradus region (the massive dwarfs not
having been analysed yet in a dedicated study).

In our sample, the comparison between projected rotational
velocity and nitrogen surface abundance shows that most stars
with 50 < vsini < 230km s~! are barely enriched (Fig. 5a).
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However, a distinct group is observed with a higher nitrogen
enrichment and a slow projected rotational velocity. These six
stars are members of long-period systems: VFTS 197, VFTS 555
(ex = log(N/H) + 12 ~ 7.5 in Fig. 5a), and VFTS 527 (ex > 8.5
in Fig. 5a) with 65 < P, < 160 days and eccentricities of 0.11,
0.83, and 0.46, respectively. Tidal effects should play a role in
these enrichments, especially at periastron, but their magnitude
is expected to be relatively small given the orbital separation be-
tween the two components. We indeed compute projected sep-
arations of 192, 513 and 48 R, for VFTS 197, VFTS 527, and
VFTS 555, respectively.

The comparison between our sample of detached SB2s and
the sample of Grin et al. (2017) shows a general agreement in
the sense that no non-enriched rapid rotator is found and the ni-
trogen surface enrichment of the stars remains in similar ranges
(Fig. 5a). We argue that the inclusion of dwarf O-type stars from
the Tarantula region will probably strengthen this assessment.

Rotational mixing is also mass dependent. When we com-
pare the spectroscopic masses to the nitrogen surface abundances
(Fig. 5a and Fig. 5b), the majority of the components have a sur-
face enrichment that is compatible with single-star evolutionary
tracks. However, this enrichment is clearly too high compared to
the error bars for the secondary star of VFTS 197 and for the two
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Fig. 3. Surface gravity as a function of effective temperature for the sample stars. Evolutionary tracks are from Brott et al. (2011a) computed with
an initial rotational velocity of 150 km s~'. The colour code is the same as Fig. 2.
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Fig. 4. Period-eccentricity diagram for all the SB2 in our sample. The
blue dots represent the systems displaying eclipses or ellipsoidal varia-
tions and the star symbols mark the systems that have one component
filling its Roche lobe.

components of VFTS 555 while it explains the locations of the
two objects in VFTS 527.

If we compare the evolutionary ages of the components to
the observed nitrogen surface abundances (Fig. 5c), the discrep-
ancy observed for VFTS 197, VFTS 555, and VFTS 527 remains
valid only for the latter system. Therefore, we conclude that the
rotational mixing in well-detached binary systems is comparable
to that observed for single stars. Both components of VFTS 527
(at ey > 8.5 in Fig. 5a) show the signature of strong stellar winds
and these winds are probably responsible for the ejection of a
part of the outer layers of the stars, displaying more enriched
material.

When we take the inclination (either spectroscopic, esti-
mated from the ratios between minimum and spectroscopic
masses, or photometric, computed from the light curves; see Ap-
pendix A for further details) into account, the situation shows
more objects with rotational velocities higher than 200km s~!
and with almost no enrichment (Fig. 5d). Although almost all
these systems have orbital periods shorter than 10 days, the gen-
eral picture seems however consistent with the models. Most of
the stars indeed appear to be very young, meaning that the nitro-
gen has not yet reached the surface.
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Fig. 5. a) Projected rotational velocity vs. the nitrogen content of the stars in detached systems (i.e., subsamples 1 and 2: see Sect. 4). The circles
represent the primaries whilst the triangles represent the secondaries of our sample. As a comparison, we also plot in grey the population of single
giant and supergiant O-type stars in the 30 Doradus region (Grin et al. 2017). Tracks are from Brott et al. (2011a); in the top panel, they correspond
to an initial mass of 25 M. The colour-bar represents the spectroscopic masses of the components. b) Spectroscopic mass vs. the nitrogen content
of the stars in detached systems (i.e. subsamples 1 and 2: see Sect.4). The colour-bar represents the orbital period of the systems. c) Age vs. the
nitrogen content of the stars in detached systems (i.e. subsamples 1 and 2: see Sect. 4). The colour-bar represents the initial rotational velocity of the
stars. d) Rotational velocity vs. nitrogen content of the stars in detached systems (i.e. groups 1 and 2). The colour-bar represents the spectroscopic

masses of the components.

4.1.2. Tidal mixing

In close binaries, both fast rotation and tidal forces due to the
proximity of the two components are expected to enhance the
internal mixing processes, at least according to contemporary
models. The tides increase or decrease the rotational periods of
the stars until they synchronise with the orbital period; they may
be an important additional effect on the internal and chemical
structure of the stars, leading to an increase of the effects of the
rotational mixing, allowing the stars in binary systems to be even
more enriched than single stars with similar stellar parameters.
de Mink et al. (2009) studied the effects of the tides and ro-
tational mixing on detached binary systems. These latter authors
found significant dependences of the surface nitrogen abun-
dances on these latter factors for short-period systems (Pop, < 2
days) throughout a considerable fraction of their main sequence
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lifetime. The effects of the tides are stronger on short-period
systems. We therefore focus on subsample 3 (the circular short-
period systems; see Sect.4). In Fig. 6, we display the projected
rotational velocity versus nitrogen content. An enrichment is de-
tected for the systems with higher projected rotational velocities.
However, the extra surface-enrichment produced by the tides is
limited. This conclusion was also drawn by Martins et al. (2017)
based on observations of six short-period systems in the Galaxy
and by Abdul-Masih et al. (2019).

It therefore appears from the above discussion that compo-
nents in detached systems, for which no signatures of mass trans-
fer have been detected, have nitrogen surface enrichment com-
parable to single massive stars. This tends to show that the role
of the tides on the nitrogen surface abundance has only a limited
effect.



L. Mahy et al.: The Tarantula Massive Binary Monitoring:

9.0 1
Short-period circular systems
0.5
8.5 CNO-i\#
o Osfg
X =
T —
A U R A T S A 2
£ - [ 0.3
1)
9 _ ) : 2
1
| : 0.2
| '
I .
1 L
0.1

0 100 200 300 400
Projected rotational velocity [km s7!]

Fig. 6. Projected rotational velocity vs. nitrogen content of the stars in
our sample belonging to subsample 3 with an orbital period shorter than
10 days. Line styles and symbols are as Fig. 5a, diamonds indicate the
components belonging to subsamples 1 and 2. The colour-bar represents
the orbital period of the systems.

4.2. Semi-detached systems

Five systems in our sample are classified as semi-detached bi-
naries. Among these systems, four have a secondary that fills its
Roche lobe (Algol systems, subsample 5 in Sect. 4). Initially, the
stars born with the highest mass filled their Roche lobe first, but
rapidly, they transfer their material to their lower-mass compan-
ion. This mass transfer is initially fast (thermal time scale). After
so much mass is transferred that the mass ratio reverses, the orbit
starts to widen and the mass transfer rate decreases. There is thus
a short gap without mass transfer. Models show that this would
be followed by a phase of slow case-A mass transfer driven by
the nuclear expansion of the now less massive donor star. The
second transfer episode is thus slower and it is this one that we
observe in four of the five semi-detached systems.

To clarify the terminology between theory and observations,
it is however important to specify that the definition that we take
in the current paper for primary or secondary relies on the current
(observed) more or less massive object of the system. For Algol
systems, the primaries and secondaries in our analysis were the
initially less and more massive object, respectively. In this con-
text, the primary (currently the most massive star of the system)
is the mass gainer, and shows less enrichment in nitrogen and
rotates faster. Such stars are accreting material from their com-
panion in a reverse case-A mass-transfer episode, which explains
their high rotational velocity. The accreted material can cause the
star to develop a larger convective core that will then mix fresh
hydrogen fuel into the core. The star will therefore be rejuve-
nated, appearing younger than its companion. These stars still
show an overabundance in nitrogen at their surface, which can
testify that the currently most massive stars manage to accrete a
significant amount of mass.

The secondaries (currently the less massive object of the sys-
tem) are filling their Roche lobe. They are highly enriched in ni-
trogen, which can be explained by the stripping of their outer lay-
ers. Their abundances are consistent with the CNO cycle (Fig. 7)
and they rotate more slowly and appear older than their compan-
ion (Fig.8). Similar conclusions were observed in binary sys-
tems where the secondary fills its Roche lobe. This is notably
the case for XZ Cep (Martins et al. 2017) and HD 149404 (Raucq
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Fig. 7. Projected rotational velocity vs. nitrogen content of the stars
in semi-detached configuration. Circles and triangles represent the pri-
mary and secondary component, respectively. Tracks are from Brott
etal. (2011a) and correspond to an initial mass of 25 M. The colour-bar
represents the orbital period of the systems.

et al. 2016) in the Galaxy. For these two systems, their secondary
is also more enriched and rotates more slowly than the primary.
Their surface abundances are also similar to those produced by
the CNO cycle.

From Fig.7, mass accretion onto stars can have two out-
comes: (i) Only little mass is accreted because the accretor
rapidly spins-up which then prevents further mass accretion. In
this case, the star is spun-up and is probably not enriched with
nitrogen or helium on the surface because those layers that carry
nitrogen or helium are so deep in the donor that they are only
transferred onto the accretor at a time when the star cannot ac-
crete any more mass. (ii) Much more mass (maybe even all) is
accreted because there is a way to get rid of angular momentum
such that the accretor never reaches critical rotation. Tides are a
prime mechanism here to allow for prolonged mass accretion. In
this case, a star can spin up slightly and will be enriched with
nitrogen and helium on the surface. From our sample, we see
that the systems with an orbital period longer than 6 days tend
to follow channel (i). The donor has lost a lot of mass and is
enriched in nitrogen on the surface. The accretor, the faster spin-
ning star, does not show the same nitrogen enrichment which
implies that it could not accrete nitrogen-enriched material from
deeper within the donor. These stars also spin more rapidly than
the donor. The longer period could then be consistent with a
weaker influence of tides (or alternatively, the wider systems ac-
crete mass from a disk rather than by direct impact). The wider
separation could also affect the amount of angular momentum
that is accreted. In the shorter-period binaries, the spins are more
comparable and both stars tend to show more similar nitrogen
surface enrichment. The tides tend to synchronise the rotation of
the stars with the orbit of the system. For the two systems with
the shortest periods, the effects of the tides are stronger so that
the discrepancy between the primary (mass gainer) and the sec-
ondary (mass donor) is smaller. As mentioned above, the role
of the tides has a limited impact on the nitrogen surface enrich-
ment, but seems very efficient at synchronising the rotations of
the stars.

The only system where the most massive star fills its Roche
lobe is VFTS 176. This component rotates faster and is also
highly enriched in nitrogen whilst its companion does not show
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Fig. 8. Age vs. nitrogen content of the stars in semi-detached configura-
tion. Circles and triangles represent the primary and secondary compo-
nent, respectively. Tracks are from Brott et al. (2011a). Line styles and
symbols are as in Fig. 7.

any. Unlike the other semi-detached systems, the observed pri-
mary appears slightly younger than the secondary even though
they are close to having the same age, within the error bars. The
orbital period is very short (Poy, = 1.78 days), and it is there-
fore possible that either the system is seen at the beginning of
the mass transfer episode or the system faces up to the begin-
ning of the reverse mass transfer episode. The most massive star
is synchronised with the system, and the secondary rotates 30%
super-synchronously, which could indicate mass transfer from
the primary onto the secondary.

4.3. Contact systems

As mentioned in Sect. 4, we found two systems in contact con-
figuration. Other systems are close to being in contact but given
the uncertainties on their inclinations and thus on the radii of
their components, they will not be part of the present discus-
sion. VFTS 352 was thoroughly analysed by Abdul-Masih et al.
(2019) both from UV and optical spectra. These authors used
the FASTWIND atmosphere code (Puls et al. 2005) whilst we
used CMFGEN. Comparisons between these two codes were
done by Massey et al. (2013) showing no difference in effec-
tive temperatures but a systematic difference in log g of about
0.12 dex. Taking these systematics into account, the parameters
of the two components agree for both components within 1- or
2-0 uncertainties. The differences could come from the normal-
isation process (which was not taken into account for the deter-
mination of the uncertainties) but do not change the conclusions
of the two papers. Furthermore, we use Vink’s mass-loss recipes
and only the lines in the optical while Abdul-Masih et al. (2019)
focused on both UV and optical domains, which increases their
number of diagnostic lines used to constrain the wind parame-
ters and the CNO abundances. We nevertheless confirm that the
nitrogen content of the two objects in VFTS 352 does not show
any enrichment in both analyses. Regarding the carbon surface
abundances, we only have one diagnostic line to constrain them,
which can lead to discrepancies in the real values as demon-
strated by Martins et al. (2015) or Cazorla et al. (2017a,b). The
same conclusions can be drawn for VFTS 066 since no signifi-
cant enrichment for the nitrogen surface abundances for the two
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components is derived. We also do not detect any depletion in
carbon for those objects.

Both systems VFTS 066 and VFTS 352 have short periods
(Pory < 1.15 days). It is also worth noting that their rotational
velocities are large (vior > 330 km s~!1) and that their masses do
not correspond to what single stars with similar properties would
have. This is particularly true for VFTS 352 since a difference in
mass of about 10 M, is expected (see also Almeida et al. 2015).

One scenario that was discussed by Almeida et al. (2015) and
Abdul-Masih et al. (2019) to explain the properties of VFTS 352
was the chemically homogeneous evolution. Under this scenario,
the internal mixing is extremely efficient. The two components
would become hotter and more luminous, but would remain
compact, and probably never merge, leading to the creation of
binary systems with two black holes (Marchant et al. 2016; de
Mink & Mandel 2016). Although both components have a high
rotational velocity, which could infer high internal mixing, the
fact that no enrichment is observed in the nitrogen lines seems
to reject this assumption. If we assume a more classical evolu-
tionary scheme, this absence of enrichment therefore tends to
suggest that the contact phase occurs at the very beginning of
the stellar evolution, when significant envelope removal did not
occur yet.

Interestingly, they both appear in relative isolation (Fig. 1)
which, if their young age is confirmed, would suggest that they
have been formed outside the main OB associations in 30 Dor.

Moreover, VFTS 066 and VFTS 352 are not the only contact
systems where no enrichment was found so far. The same con-
clusions were given for the contact systems V382 Cyg (Martins
et al. 2017) and HD 100213 (Mahy et al. in prep.) in the Galaxy,
for which no peculiar abundance was determined. The method
of analysis may also be questioned since it is based on the use of
1D atmosphere models with spherical symmetry whilst the com-
ponents in evolved binary systems are no longer spherical. These
systems presumably necessitate more adequate tools that can ac-
count for their non-spherical geometry as suggested by Palate &
Rauw (2012) or Abdul-Masih et al. (in prep.).

4.4. Age distribution

Figure. 9 shows the difference between the evolutionary ages of
the primary and the secondary stars of the systems. If the bina-
ries are non-interacting, the estimated ages should be the same
within the uncertainties because we expect the two stars to be
coeval. If the estimated ages are not coeval, this could indicate
mass transfers, interactions or any other causes that affect the
evolution of the companion. Seven systems (marked with red er-
ror bars in Fig. 9) display a significant difference between the es-
timated ages of their two components. Among them, VFTS 450,
and VFTS 538 show clear interactions. This figure points out
that the primary components in these systems are rejuvenated
by the fact that these stars are accreting materials from their
companion. Surprisingly, the differences in age in VFTS 061 and
VFTS 652 do not appear to be significant within 1 —o error. Four
other systems (VFTS 174, VFTS 217, VFTS 487 and VFTS 661)
have short periods (P, < 5 days) that can favour interactions
such as tides. Finally the age discrepancy observed for the last
system, VFTS 116, is difficult to explain given the rather long-
period orbit and its eccentricity. With these orbital properties, we
indeed expect that the two stars evolve like single stars (i.e. with
only very minor influence from their companion).

We examine the age distribution of the SB2 sample, com-
puted by summing the probability density functions of each in-
dividual star provided by BONNSAI. We compare this distribu-
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from dark blue for subsample 1 to yellow for group 5. The red error bars
indicate that the systems are not coeval.

tion to that published by Schneider et al. (2018) from the massive
single O-type stars (M > 15 M) located in the 30 Doradus re-
gion. Figure 10 displays the probability density function of the
ages of the spectroscopic binaries (in red) and we overplot that
of the massive single O-type star population (in black). We iden-
tify the highest broad peak at 2 Myrs that is also observed in the
single massive star population of 30 Dor. A second broad peak is
observed at 4.5 Myrs and a third one is detected at 7 Myrs. The
binary population appears to have comparable ages as the single-
star population, albeit perhaps slightly younger. This small dif-
ference between the single and the binary samples could be ex-
plained by two biases: one observational bias linked to the sam-
ple and one evolutionary bias. For the former, we indeed observe
a relative dearth of systems with orbital periods between 6 and
20 days. The lack of such systems is not fully understood, and
we do not know whether this is due to a selection effect or to real
phenomena that occur during the evolution of the components.
For the latter, in order to be part of our sample, two massive
stars must orbit around each other with a significant ARV. The
most massive systems could have interacted or merged, exclud-
ing them from our selection criteria, creating this gap between 2
and 4.5 Myrs.

When we display the spatial distribution of the mean evo-
lutionary ages (i.e., the mean age between the primary and the
secondary of each system), most of the oldest systems are found
in the field outside NGC 2070 and NGC 2060. Three exceptions
are VFTS 055, VFTS 642 and VFTS 806, with ages of about 2.5
Myrs, while the other systems are between 5 and 8 Myrs. This
result confirms what was obtained by Schneider et al. (2018) for
the single massive star population in 30 Dor. It also indicates
that the youngest systems are found in NGC 2070 and, more
specifically, close to the core region of this cluster, which was
also observed by Schneider et al. (2018). The two exceptions
are VFTS 450 and VFTS 652, two systems in case-A mass trans-
fer. These interactions clearly affect the comparison to single-
star evolutionary tracks, and thus create a bias. Schneider et al.
(2018) also found ages of 2 to 5 Myrs for the massive single-star
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Fig. 10. Probability density function of the TMBM SB2 sample (red
line) compared to the PDF of the VFTS single stars more massive than
15 M (black line, Schneider et al. 2018). The ages of the binaries are
computed as an average value between the ages of the primaries and the
secondaries.

population of NGC 2060. Our analysis of binary SB2 systems
yields the same conclusion provided by Schneider et al. (2018).

4.5. Rotational rates

Ramirez-Agudelo et al. (2013, 2015) probed the stellar rotational
rates of the single-star and binary populations in the 30 Doradus
region, respectively. Now that we have undertaken a careful anal-
ysis of the stellar properties of the 31 SB2 binary systems (62 ob-
jects) through spectral disentangling and atmosphere modelling,
we can refine the projected rotational velocities of each compo-
nent of these systems. Unlike these latter authors, who took the
whole binary population into account, our sample only accounts
for 62 components and contains a larger fraction of shorter pe-
riod systems. As in Ramirez-Agudelo et al. (2013, 2015) , we
also performed Kuiper tests on the projected rotational veloci-
ties of the binary and single-star populations to test the null hy-
pothesis, namely that the samples come from the same parent
distributions.

First, Fig. 12 shows that there is no statistical differences be-
tween the v sin i distributions of our primary star sample and that
of Ramirez-Agudelo et al. (2015) despite the fact that we have
used slightly different definitions to identify the primary stars.

Compared to the sample of ‘presumably’ single stars in the
30 Dor region, primary stars in our SB2 sample present a larger
average rotation rate but a significantly less pronounced high-
velocity tail. These differences are even more pronounced for
the secondary stars in our sample (Fig. 12). This is qualitatively
compatible with the following interpretations: the higher average
velocity results from tidal interactions while the lack of a strong
high-velocity tail results from the fact that our sample is domi-
nated by pre-interaction, detached binaries (see also discussions
in de Mink et al. 2013; Ramirez-Agudelo et al. 2015).

Below 100km s™!, the two distributions of primary and sec-
ondary rotational velocities are rather similar but they deviate at
larger projected rotational velocities. These differences are in-
teresting but they may not be significant as they failed to trig-
ger the Kuiper test: (p—value=18%). Indeed, from a physical
point of view, the primaries must have radii larger than those
of the secondaries. Assuming that the tidal synchronisation is
achieved before the first mass-transfer episode, the projected ro-
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The circles indicate the detached systems (subsamples 1, 2, and 3), the triangles the over-contact systems (subsample 4), and the squares the

semi-detached systems (subsample 5).

tational velocities of the primaries should be larger than those of
their companions. The fact that the cumulative distribution for
the secondary stars is steeper is therefore consistent with what
we observe. It is also to be expected that some of the stars in
our primary sample (= currently more massive star) are accret-
ing stars that have gained mass and angular momentum from the
now less massive — hence secondary — star. This is sufficient to
explain the more pronounced high-velocity tail in our ‘primary’
star sample.

5. Conclusions

Here, we present our study of the individual properties of 31
double-lined spectroscopic binaries in the 30 Doradus region.
We applied spectral disentangling and atmosphere modelling to
determine the stellar parameters and the helium, carbon and ni-
trogen surface abundances for each component (although the he-
lium and carbon surface abundances were not discussed in the
paper).

In our sample, we detected between 58 and 77% pre-
interacting systems, 16% semi-detached systems and between
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5 and 26% systems in contact or where the two components fill
a large fraction of their Roche lobe.

For the detached systems, their nitrogen surface abundances
are consistent with those of single stars, within the uncertainties,
except for two systems, VFTS 197 and VFTS 527. For the lat-
ter, the strong stellar winds of the components can explain this
high enrichment since under their effects, a part of the external
layers of the stars can be ejected. For the detached systems with
short periods, we show that the effects of the tides are stronger
on the rotation than on the enrichment of nitrogen, since this
enrichment is relatively limited in comparison to mass transfer.
Our analysis shows that, for the systems displaying evidence of
mass transfer, the surface abundances are highly impacted for the
mass donors. The removal of the external layers makes chemi-
cally processed material appear at the surface; the stars are also
more luminous and their rotation spins down. For the mass gain-
ers, the effects of the mass transfer are a higher rotational ve-
locity and rejuvenation. The locations of these components in
the Hunter diagram tend to show that binary products are good
candidates to populate the two groups of stars (slowly rotating,
nitrogen-enriched objects and rapidly rotating non-enriched ob-
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Fig. 12. Cumulative distributions of the projected rotational velocities
of the massive single and binary populations in the 30 Doradus re-
gion. Red: VFTS ‘presumably’ single stars (Ramirez-Agudelo et al.
2013), Green: VFTS primaries in detected binary system (most lumi-
nous components, Ramirez-Agudelo et al. 2015); Blue: primaries in the
present 31 SB2 TMBM sample (=currently most massive component,
this work); Magenta: secondaries in the present 31 SB2 TMBM sample
(=currently least massive component, this work).

jects) that cannot be reproduced through single-star population
synthesis. Finally, we observe no peculiar abundance for the two
systems in (over-)contact, reminiscent of what was observed for
several binary systems in the Milky Way.

The comparison between the evolutionary ages of the com-
ponents in binary systems to those determined for single stars in
30 Dor reveals a general agreement, which confirms the different
ages for NGC 2070 and NGC 2060. We also find that the older
stars are located in the field, having formed ahead of the stellar
populations in NGC 2060 and NGC 2070.
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Appendix A: Results for individual binary systems
Appendix A.1: VFTS 042

VFTS 042 has a period of 29.3 days and an eccentricity of 0.18.
Given that the spectral separation between the two components is
of the order of the rotation rate, the spectral lines are never fully
separated during the orbital cycle. This renders the disentangled
spectra somewhat uncertain, which may affect our results. We
determine spectral types of O9.21II for the primary and BOV
for the secondary. The effective temperature and the log g of the
primary are estimated to 31800 K and 3.83, respectively, whilst
those of the secondary are 30000 K and 3.83. The primary and
secondary rotational periods are similar (projected rotational pe-
riods of 3.3 days for each object). We determine spectroscopic
masses of 12.72 M, for the primary and 8.03 M,, for the sec-
ondary, with errors of about 4.5 M. These masses are in reason-
able agreement with their evolutionary masses given the rather
large errors. If we compare these masses to the minimum masses,
we can compute an inclination of 34 +5° for the system. No clear
enrichment in nitrogen or depletion in carbon is derived for ei-
ther objects. Given the large eccentricity, the two components of
this system do not seem to interact with each other.

Appendix A.2: VFTS 047

The orbital solution of VFTS 047 was revised by the application
of the spectral disentangling. The orbital period of VFTS 047 is
P = 5.93 days and its eccentricity e = 0.13 compared to the pre-
vious period P = 5.93 days and eccentricity e = 0.05 given in
Paper 1. From the disentangled spectra, we derive spectral types
of O8V for the primary and O8.5V for the secondary. We es-
timate 7.y = 33800K and logg = 4.20 for the primary and
Ter = 32900K and logg = 4.20 for the secondary. The pro-
jected rotational velocities are measured to vsin i = 43km s~/
for the primary and vsin i = 62km s~! for the secondary. Given
the signal-to-noise ratio of the disentangled spectra, the uncer-
tainties on the vsin i and vy, are large. The two components
are not yet synchronised (projected rotational period of 5.9 days
for the primary and 4.0 days for the secondary, with mean errors
of 1.5 days). No significant modification of their surface abun-
dances is found for either object. If we compare the minimum
masses with the spectroscopic masses for both components, we
estimate an inclination i = 54° + 14°. We emphasise that choos-
ing the evolutionary rather than the spectroscopic mass does not
change our estimation within the error bars. Both components
are thus well within their Roche lobes and there is no sign of
mass transfer.

Appendix A.3: VFTS 055

The system has a short orbital period (P, = 6.45 days) with
an eccentricity of 0.1. VFTS 055 is an O8 V + O9 V binary sys-
tem. The primary has Tz = 34700K and logg = 4.13 and the
secondary Tex = 34500K and logg = 4.14. Both components
have a similar rotational period (projected rotational period of
3.3 days for the primary and 3.1 days for the secondary, with
mean errors of 1.3 days) and show surface abundances similar to
the LMC baseline. By comparing minimum masses with spec-
troscopic masses, we roughly estimate an inclination of 37° +3°.
For this inclination, the two stars do not fill their Roche lobes,
and there is no sign of mass transfer.
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Appendix A.4: VFTS 061

VFTS 061 has a period of 2.3 days with a circular orbit. The pri-
mary is classified as O8.5 V whilst the secondary is O9 III. We
determine T.¢ = 33500K and log g = 3.97 for the primary and
Ter = 32700K and log g = 3.68 for the secondary. The surface
gravity of the secondary is much lower than that of the primary.
The secondary has a rotational period similar to the orbital pe-
riod whilst the primary is super synchronous. The light curve of
this system shows eclipses, which allows us to derive an inclina-
tion of i = 69.1°+0.9° (see Paper IV). The secondary clearly fills
its Roche lobe. We derive depletions in carbon and overabun-
dances in nitrogen for both components. The abundance changes
relative to baseline are larger for the secondary. This system is
classified as an Algol-type binary in a phase of slow case-A mass
transfer. We do not observe an age discrepancy but there is an
important mass discrepancy for the secondary. Whilst the ratio
between the evolutionary masses is close to unity, the observed
mass ratio (from the orbital solution, see Table 1) indicates that
the primary is twice more massive than the secondary.

Appendix A.5: VFTS 063

VFTS 063 is a system with an 85.8-day orbit and an eccen-
tricity of 0.65. It is composed of two objects, classified as
04.5 for the primary and O5.5 for the secondary. We estimated
T = 44300K for the primary and 39300 K for the secondary
and very similar log g of about 4.20. The primary is a fast rota-
tor with vsin i ~ 220km s~! while the secondary has a vsin i
close to 100km s~!. The two components are not synchronised
(projected rotational period of 2.0 + 0.5 days for the primary
and 3.4 + 0.9 days for the secondary). Their surface abundances
are similar to the baseline for both objects. From the spectro-
scopic masses and minimum masses, we infer an inclination of
56° + 11°. There are no age and mass discrepancies observed for
this system. Given that both stars reside well within their Roche
lobes, we expect that the system is currently not interacting.

Appendix A.6: VFTS 066

VFTS 066 is a short-period (Poy, = 1.14 days) system with a cir-
cular orbit. The two components are classified as O9V for the
primary and as B0.2'V for the secondary. The T of the pri-
mary is 32800 K and that of the secondary is 29000 K. Both ob-
jects have similar surface gravities reminiscent of dwarf stars (~
4.05), and projected rotational velocities of about ~ 100km s,
Their rotational periods indicate two stars in super-synchronous
rotation (rotational period of 0.7 days for the two components).
Based on the photometry, this system is an over-contact system
seen under a low inclination of 17.5*3-2° (Paper IV). We detect
no significant change in the surface abundances of the two stars.
There is also a large mass discrepancy for the secondary and a
large age discrepancy between the two objects.

Appendix A.7: VFTS 094

VFTS 094 has a period of 2.26 days and a circular orbit. We
classified this object as an O4 + O6 system. Given that the
Hen 4686 and Ha lines are absent from our disentangled spec-
tra and that the spectral types of both components are too early
to use Conti’s and Mathys’ criteria, we cannot infer a luminos-
ity class for the either object. We determined Teg = 41900 K and
log g = 3.86 for the primary and T = 40100 K and log g = 4.06
for the secondary. The projected rotational velocity of the pri-
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mary is estimated to be 175km s~! whilst that of the secondary
is 120km s~!. The two components rotate faster than the orbital
period of the system (rotational period of 1.5 and 1.7 days for the
primary and the secondary, respectively). From the photometry,
the system seems to have an inclination of 28.1”_’%:3" and the pri-
mary is at the limit of filling its Roche lobe (Paper IV). However,
we do not find any evidence of depletion in carbon or enrichment
in nitrogen for either object. The primary shows a mass discrep-
ancy (but no age discrepancy for this system). We do not exclude
mass transfer even though no clear evidence is found.

Appendix A.8: VFTS 114

VFTS 114 is a system with a period of 27.8 days and an ec-
centricity of 0.5. It is composed of an O7.5V primary and of
an 09.5V secondary. We determine 7. = 36400K for the
primary and T.g = 33000K for the secondary. Both compo-
nents have a similar surface gravity (logg ~ 4.25). We mea-
sure vsin i = 58 km s~! for the primary and 142km s~! for the
secondary. The two stars are young and their synchronisation has
not yet occurred (projected rotational period of 4.9 + 1.3 days for
the primary and 1.9 + 0.5 days for the secondary). The compari-
son between the minimum masses and the spectroscopic masses
provides a rough inclination of 47° + 8° for the system. From our
analysis, both objects present an enrichment in nitrogen (1.25—
2.0 times the baseline value) at their surface but their surface
carbon content is close to baseline. This system is probably non-
interacting given its relatively wide orbit.

Appendix A.9: VFTS 116

As for VFTS 114, this system has a long period (23.9 days)
and high eccentricity (e = 0.3). The spectral types of the pri-
mary and the secondary are estimated to be 09.7V and B1V
respectively. We measure an Tz = 32900 K for the primary and
T = 28100 K for the secondary. Both components have a sur-
face gravity of about 4.0. The difference between the projected
rotational velocities of the two components is relatively large
(45km s~! for the primary and 134km s~! for the secondary),
meaning that the components are not synchronised (projected
rotational period of 7.5 + 1.4 days for the primary and 2.6 + 0.7
days for the secondary). The comparison between the minimum
and spectroscopic masses yields an inclination of 70° + 23°. As
for VFTS 114, we derive carbon and nitrogen surface abundance
similar to the baseline, within the error bars. This system is also
probably non-interacting at the moment given its large eccentric-
ity and the fact that no peculiar surface abundances are detected.
However, the fact that we do observe an age discrepancy be-
tween the two objects and that the secondary star rotates much
faster than the primary is curious.

Appendix A.10: VFTS 140

VFTS 140 is a circular system with a period of 1.6 days. We
classify VFTS 140 as a system composed of two O7.5V stars.
The stellar parameters (7, logg, vsin i) of both objects are
similar to each other with T.¢ ~ 36000K, logg ~ 4.3, and
vsin i ~ 70km s~!. The two stars have projected rotational peri-
ods of about 4.0 days, showing that they are synchronised. This
system is probably seen under a small inclination. The compari-
son between the spectroscopic masses and the minimum masses
indeed indicates an inclination of 17° + 2°. Given the probable
low inclination of this system, we cannot exclude that this sys-

tem is in contact. Given the S/N of the disentangled spectra, the
error bars on the surface abundances are large, but the carbon
and nitrogen values are estimated close to baseline.

Appendix A.11: VFTS 174

VFTS 174 is a system with a period of 4.76 days and an eccen-
tricity of 0.27. The eccentricity is relatively high with respect to
its short orbital period. This system is composed of an O7.5V
primary and an 09.7 V secondary. We measure 7. = 35900 K
for the primary and 31400 K for the secondary. The primary has
a lower log g (4.02 £ 0.10) than the secondary (4.30 +0.12). The
two components have a similar rotational period (projected ro-
tational period of 2.7 + 1.1 days for the two objects). From the
ratio between minimum masses and spectroscopic masses, we
estimate an inclination of 61° +8°. The carbon and nitrogen con-
tents of both components are similar to the LMC abundances.
We also observe that the primary is older than the secondary.

Appendix A.12: VFTS 176

VFTS 176 is an O6 + B0.2'V eclipsing system with an orbital
period of 1.78 days and a circular orbit. The surface gravity
of the primary is smaller than that of the secondary and its
Tes is estimated to be 38300 K whilst that of the secondary is
28500 K. We determine vsin i = 265km s~! for the primary and
vsini = 180km s™! for the secondary. The system has an in-
clination close to 90°(Paper IV). The analysis of the light curve
shows that the primary fills its Roche lobe. It shows a nitrogen
enrichment and a carbon surface abundance close to the LMC
baseline whilst these abundances for the secondary do not show
any variations. In this semi-detached system, the most massive
star fills its Roche lobe. The primary is synchronised with the
system whilst the secondary is super-synchronous. We suspect
that the less massive star is likely accreting. We also observe a
mass discrepancy for both components.

Appendix A.13: VFTS 187

The spectral disentangling suggests a circular orbit for the sys-
tem rather than an eccentric one (e ~ 0.2), as reported in Paper L.
The period of this system is 3.5 days. The disentangled spectra
give us an O8.5V primary and an 09.7V secondary. The pri-
mary has T = 34500K and the secondary T.¢ = 30900 K.
Both components have similar surface gravities (logg ~ 4.25).
The two stars rotate faster than the orbital period but we cannot
exclude that the two objects are synchronised within the error
bars (the rotational period of the primary is about 1.7 + 0.8 days
and the secondary has a rotational period of about 0.8+0.3 days).
From the ratio between minimum mass and spectroscopic mass,
the system should have an inclination of 33° +4°. Both stars have
surface abundances similar to the LMC baseline.

Appendix A.14: VFTS 197

VFTS 197 has an orbital period of 69.7 days and an eccentric-
ity of 0.1. It is composed of an O8.5V primary and an O9 V
secondary. We estimate 7. = 33500K for the primary and
Tex = 33600 K for the secondary. We compute log g of 4.09 for
the primary and of 3.70 for the secondary, as well as vsin i of
140km s~! for the primary and of 64 km s~! for the secondary.
The rotational periods are not synchronised. Both components
are enriched in nitrogen but the secondary appears to be more
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enriched (4 times higher than baseline for the primary and 6.5
times for the secondary). Their carbon surface abundances are
similar to the LMC baseline. The comparison between the min-
imum masses and the spectroscopic masses gives an inclination
of 39° +4°. No age discrepancy is detected for these objects, but
the primary presents a mass discrepancy with the evolutionary
mass larger than the spectroscopic one.

Appendix A.15: VFTS 217

VFTS 217 is a short-period (Pyp, = 1.86 days) system with a
circular orbit. The components are classified as O4 and 05.5. We
determine T.¢ = 45000K and log g = 4.10 for the primary and
Ter = 41800K and log g = 4.08 for the secondary. This system
was observed by OGLE and its light curve displays ellipsoidal
variations. Paper IV determines an inclination of 40° +4.0°. The
two components almost fill their Roche lobe, but no evidence of
mass transfer has been observed. We however observe a small
age discrepancy between the two components.

Appendix A.16: VFTS 327

VFTS 327 is a short-period binary (Poy, = 2.96 days) with an
eccentricity of e ~ 0.2. We classified the primary as an O7.5V
and the secondary as an 09.5 V. The primary has 7T.¢ = 36300 K
whilst the secondary has Ty = 33300 K. The surface gravities
and the projected rotational velocities of both components are
similar (log g ~ 4.30 and vsin i = 150 km s~1). Within the error
bars, the two components are almost synchronised (projected ro-
tational period of 2.0+0.5 days for the primary and 1.5+0.4 days
for the secondary). The ratio between minimum mass and spec-
troscopic mass points to an inclination of 29° + 3°. The analysis
of their surface abundances shows that both objects are slightly
enriched in nitrogen but their carbon abundance remains close to
the LMC baseline. We observe an age discrepancy between the
two components.

Appendix A.17: VFTS 352

VFTS 352 is an overcontact system with a period of 1.12 days,
composed by an 0O4.5V primary and an O5.5V secondary. We
determine T.x = 41600K for the primary and T.x = 40600 K
for the secondary. Both components have log g ~ 4.10 and their
projected rotational velocities are computed to be 274km s!
and 290 km s~! for the primary and secondary, respectively. The
two components have rotational periods shorter than the orbital
period, and are synchronous. The light curve was analysed by
Almeida et al. (2015) and an independent analysis was per-
formed in Paper IV. The inclination of this system is estimated
to be i = 53.6*)3°. A complete analysis of UV and optical data
is performed by Abdul-Masih et al. (2019). We obtain a lower
effective temperature for the primary and a higher surface grav-
ity for the secondary. Several arguments can be given to explain
these differences. Our analysis relies on different assumptions
for the wind parameters whilst the analysis of Abdul-Masih et
al. used the UV spectra to determine these parameters. It is not
clear whether or not these parameters can have such an impact
on the stellar parameters of both components. We also emphasise
that for the current analysis we used the CMFGEN atmosphere
code whilst Abdul-Masih et al. used FASTWIND (Puls et al.
2005). Systematic differences between the two codes were re-
ported by Massey et al. (2013), with surface gravities determined
using FASTWIND being systematically lower by 0.12 dex com-
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pared to CMFGEN. Finally, differences in the re-normalisation
process (after the spectral disentangling) can also impact the fi-
nal set of stellar parameters. In any case, from optical spectra we
determine C and N surface abundances consistent with the base-
line values, which is in agreement with the results from Abdul-
Masih et al.

Appendix A.18: VFTS 450

VFTS 450 has a period of 6.9 days and a circular orbit. This
system was analysed by Howarth et al. (2015). These authors
showed that it is a high-mass analogue of the classical Algol
systems. They estimated T.¢ = 34000 K and log g = 3.6 for the
primary and T = 27000 K and log g = 2.9 for the secondary.
We determine T.x = 33800K and log g = 3.77 for the primary
and T = 28300K and log g = 3.07 for the secondary. The sec-
ondary is thus slightly hotter in our analysis. For both compo-
nents we find significant surface nitrogen enrichment, the more
so for the secondary. The disentangled spectrum of the primary
remains contaminated by some features of an unknown origin
(removal of the nebular emission, accretion disks, and so on).
These features prevent us from determining accurate stellar pa-
rameters, which explains the large error bars in Table 2. The pri-
mary rotates extremely fast with vsin i ~ 380km s~! while the
secondary reaches only about 100 km s~!. We estimate the incli-
nation of this system to be about 65°(Paper 1V). Together with
a strong surface nitrogen enrichment and strong surface carbon
depletion, this indicates that the system is probably transferring
material to the primary. We observe age and mass discrepancies
in this system.

Appendix A.19: VFTS 487

VFTS 487 is composed of two O6 V stars orbiting with a short
period (Pyp, = 4.12 days) and a small eccentricity (e = 0.06)
around each other. The two components have surface gravities
close to 4.0, and effective temperatures of 38400 K for the pri-
mary and 35200K for the secondary. The projected rotational
velocities are of about 125 km s~™! for both components. The two
stars are synchronised within the error bars (projected rotational
period of 2.0 + 0.8 days for the primary and 2.1 + 0.8 days for
the secondary). The comparison between the minimum masses
listed in Table 1 and the spectroscopic masses does not provide
an inclination for the system. We do not detect any peculiar sur-
face abundances for these two stars, with surface abundances
similar to the LMC baselines but the stars do present age and
mass discrepancies.

Appendix A.20: VFTS 500

VFTS 500 is a system with a period of 2.88 days and a circular
orbit. It was analysed by Morrell et al. (2014). These latter au-
thors classified the primary as an O5'V star and the secondary
as an 06.5 V((f)) star. They obtained effective temperatures of
40500 + 1000 K for the primary and of 40000 = 1000 K for the
secondary as well as log g = 4.1 £0.1 and 4.0 +£0.1, respectively.
Our analysis shows that the primary has an 7. = 40700 K and
a log g = 4.03 whilst the secondary has an Teg = 39400 K and
a logg = 4.03. Both studies thus agree with each other within
the error bars. We compute vsin i = 147 km s~!for the primary
and vsin i = 164km s~! for the secondary. The rotational peri-
ods of the two components are synchronised (rotational period
of 2.7 + 1.1 days for the primary and 2.3 + 0.9 days for the
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secondary). The inclination of the system is estimated to about
61.2° + 2.0° (Paper IV). We derive surface abundances close to
the LMC values, indicating no significant enrichment for both
components. No evidence of interaction between both compo-
nents is detected.

Appendix A.21: VFTS 508

The period of VFTS 508 is 128.59 days and its eccentricity 0.4.
This system is composed of an O8.5V primary and an 09.7V
secondary. We determined 7T.x = 34300K and logg = 4.26
for the primary and T = 32100K and logg = 4.24 for the
secondary. The projected rotational velocity of the primary is
87km s~! and that of the secondary 100km s~!. The projected
rotational period of the primary is 3.3 + 1.1 days and of the sec-
ondary 2.2 + 1.1 days. We derive evolutionary and spectroscopic
masses between two and three times smaller than the minimum
masses provided in Table 1 (which are indeed high for their spec-
tral types). This could be due to a poor estimation of the orbital
period of the system due to the time-scale of the different ob-
servations. Finally, within the error bars, both components have
surface abundances close to baselines. Given the orbital period
and the eccentricity of the orbit, and that the two stars do not fill
their Roche lobes, it is unlikely that they interact with each other.

Appendix A.22: VFTS 527

The orbital parameters were first determined by Taylor et al.
(2011) and then revised in Paper I. The period of this sys-
tem is estimated to be 153.96 days and its eccentricity is 0.46.
VFTS 527 is composed of two supergiant O-type stars. It is over-
luminous in X-rays (L. Townsley priv. comm.) probably due to
wind-wind collision. We determine T = 34000 K, log g = 3.27
and vsin i = 57km s~! for the primary and Ty = 34700K,
logg = 3.35 and vsini = 77km s~! for the secondary. The
spectroscopic masses of the two objects are estimated to about
67.5 M, making it so far one of the most massive binary sys-
tems known to contain two evolved Of supergiants. By compar-
ing the spectroscopic masses with the minimum masses, we es-
timate that the inclination of the system is 62° + 6°. We also
derive an overabundance of nitrogen and a depletion of carbon
for both objects. The nitrogen content is estimated to be close
to what is expected for CNO equilibrium. VFTS 527 is a very
interesting system, notably because the two components evolve
on a wide orbit, and thus without any interactions between them
(except at periastron). The system offers an excellent test-case to
constrain accurate properties of supergiant O-type stars, similar
to e.g. HD 166734 (Mahy et al. 2017) and V1827 Cyg (Stroud
et al. 2010) in the Galaxy.

Appendix A.23: VFTS 538

VFTS 538 is a circular system with a period of 4.15 days, com-
posed of an O8.5 III primary and an 09.5 III secondary. With its
surface gravity of about 3.6, the secondary is the brightest com-
ponent of the system (log g ~ 4.2). We determine 7.¢ = 35600 K
for the primary and T.g = 32000 K for the secondary. We mea-
sure projected rotational velocities of 158 km s~! for the primary
and 108 km s~! for the secondary. The projected rotational pe-
riod of the primary is 1.6 = 1.0 days and that of the secondary
is 4.3 + 2.2 days. The comparison between minimum masses
and spectroscopic masses provides an inclination of 47° + 5°
for the system. The secondary shows strong enrichment in ni-

trogen and helium whilst the carbon lines have almost vanished.
The primary also displays nitrogen enrichment and carbon de-
pletion, but not as extreme as for its companion. The secondary
fills its Roche lobe, and is in synchronous rotation with the sys-
tem, probably transferring its material onto its companion. We
observed an age discrepancy between the two objects and a mass
discrepancy for the secondary star. We classified VFTS 538 as a
high-mass Algol system.

Appendix A.24: VFTS 543

VFTS 543 is a short-period circular system with a period of
1.38 days. The primary has a spectral type of O9.5V and the
secondary is an 09.7V star. We derive T = 33200K and
log g = 4.24 for the primary and T = 32400 K and log g = 4.25
for the secondary. We also compute vsin i = 185km s™! for the
primary and vsin i = 140 km s~!for the secondary. The two stars
are in synchronous rotation and are also synchronised to the sys-
tem (the rotational period of the primary is 1.0 + 0.5 days and
that of the secondary is 1.3 + 0.6 days). The relatively short pe-
riod of the system implies that both stars occupy a large volume
of their Roche lobe, but no evidence of mass transfer is detected
yet since their surface abundances are close to the LMC baseline
values. The light curve of the system shows ellipsoidal varia-
tions that allow us to estimate its inclination, about 37° (Paper
IV). This inclination is consistent with what we get when we
compare the minimum masses with their spectroscopic masses.
Given the low inclination, we cannot exclude that this system is
in contact or close to contact. We do not observe any age or mass
discrepancy in this system.

Appendix A.25: VFTS 555

VFTS 555 is a system of high eccentricity (e ~ 0.8) with a
long period (Pyp = 66.1 days). We attribute to the primary an
08.5V spectral type and to the secondary type O9 V. The ef-
fective temperature and surface gravity of the primary are es-
timated to 33900K and 4.14, respectively. For the secondary,
we find T = 32400K and log g = 4.12. Their projected rota-
tional velocities are computed to be 56km s~! for the primary
and 88 km s~! for the secondary. This indicates that the compo-
nents are not synchronised with each other (the projected rota-
tional period is 5.6 + 1.5 days for the primary and 3.3 + 0.9 days
for the secondary). The comparison between minimum and spec-
troscopic masses roughly provides an inclination of 41° +8°. We
derive an overabundance of the nitrogen for both objects (3.5—
4 times the baseline value) but the carbon surface abundance is
similar to the LMC baseline. Given its relatively wide orbit, this
system is probably non-interacting. We do not observe any age
or mass discrepancy in this system.

Appendix A.26: VFTS 563

This circular system is composed of two 09.5V stars orbiting
around each other with a period of 1.22 days. We determine ef-
fective temperatures of about 32400 K, surface gravities of about
4.2 for both components and projected rotational velocities of
214km s~! for the primary and 173km s~! for the secondary.
The two components are synchronised with each other, but their
rotational periods are 1.5 times shorter than the orbital period.
The light curve of VFTS 563 displays ellipsoidal variations that
provide an inclination of about 29.7*33°(Paper IV). Nitrogen
and carbon surface abundances remains similar to LMC base-
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lines for the two stars, within the error bars. Despite the small
separation, there is no evidence for mass transfer. Even though
no age or mass discrepancies are detected for this system, we
emphasise that the ratio between the evolutionary masses does
not match with the mass ratio determined from the orbital solu-
tion (Table 1). Given the low inclination of the system we cannot
however exclude that this system is in contact or close to contact
configuration.

Appendix A.27: VFTS 642

VFTS 642 is a circular system with a period of 1.73 days. The
primary and secondary are classified as O5.5V and O9YV, re-
spectively. We estimate effective temperatures of 40700 K and
34800K and logg of 4.15 and 4.13 for the primary and the
secondary, respectively. Their projected rotational velocities are
quite similar and estimated to be about 110km s~!. The two
components are synchronised with the system. The light curve
displays ellipsoidal variations with grazing eclipses. This allows
us to estimate an inclination of 33.7° + 5.0°(see Paper IV). The
surface abundances of the two stars are in line with the LMC
baseline. No age and no mass discrepancy is observed in this
system.

Appendix A.28: VFTS 652

Similar to VFTS 450, VFTS 652 is composed of a more massive
dwarf star (O8 V) and a cooler more evolved companion (B11I).
This system with a period of 8.59 days and a circular orbit was
also analysed by Howarth et al. (2015). These authors estimated
the temperature and log g of the primary to be 35000 K and 3.7
and for the secondary to be 22000 K and 2.8. We find different
values for the effective temperatures and surface gravities, es-
pecially for the primary. Indeed, we determine 7. = 32100K
and logg = 3.32 for the primary and T,y = 23900K and
logg = 2.81 for the secondary. We measure a large differ-
ence between the projected rotational velocities of the two stars
(vsin i = 224km s~! for the primary and 96 km s~ for the sec-
ondary). The analysis of the light curve is presented in Paper IV,
where the inclination is estimated to be 63.7fg:g°(Paper 1V). The
disentangled spectrum of the primary does not appear to be con-
taminated by nebular emission as was the case in the analysis
of Howarth et al. (2015). This contamination may have compro-
mised their analysis. The secondary is highly enriched in helium
and nitrogen and strongly depleted in carbon (and in oxygen as
can be inferred from the O lines in its spectrum). The primary
also shows enrichment in nitrogen and depletion in carbon but
to a lesser extent. VFTS 652 also seems to be a high-mass ver-
sion of Algol systems such as VFTS 450. It appears plausible
that VFTS 652 is in a post Roche lobe episode of case-A mass
transfer.

Appendix A.29: VFTS 661

VFTS 661 is an eclipsing binary system with an orbital period
of 1.27 days in a circular orbit. It is composed of an 06.5V
primary and an 09.7 V secondary. We determine 7.4 = 38400 K
and log g = 4.18 for the primary and T.x = 31800K and 4.17
for the secondary. The primary has vsin i ~ 280 km s~'and the
secondary, vsin i ~ 200km s~L. The rotational period of the
primary is 1.1 + 0.4 days and that of the secondary is 1.3 = 0.6
days. This indicates that the two components are synchronised
with the system. It is not clear whether or not a RLOF episode
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of mass transfer already occurred in this system. The inclination
of the system is 64.5”_’8%". For both objects, the carbon content
is similar to the LMC baseline. Nitrogen is enriched, the more
so in the primary (2-3 higher than baseline for the primary). We

observe an age discrepancy between the two objects.

Appendix A.30: VFTS 771

With a period of 29.87 days and an eccentricity of 0.51, it is
composed of an 09.7 V primary and an 09.7 V secondary. We
estimate 7.y = 30400K and logg = 3.98 for the primary and
T = 30100K and logg = 3.98 for the secondary. We com-
pute vsin i = 92km s~! for the primary and vsin i = 82km s™!
for the secondary. These values indicate that synchronisation
has happened in this system (the projected rotational period
of the primary is 4.0 + 1.0 days and that of the secondary is
3.6 + 1.2 days). From the ratio between minimum and spectro-
scopic masses, we roughly estimate an inclination of 32° + 4°.
The carbon and nitrogen surface abundances are similar to those
of the LMC baseline. We do not observe any age or mass dis-
crepancies in this system. The two components are probably not
interacting in this system, given the large eccentricity of the or-
bit.

Appendix A.31: VFTS 806

VFTS 806 is a O6 V + O7V circular system with a period of
2.58 days. This system is reported as a possible runaway. For
the primary, we obtain 7. = 40100K and logg = 4.10 and,
for the secondary, Tex = 38100 K and 4.14. The projected rota-
tional velocities are estimated to be vsin i = 99km s~! for the
primary and vsin i = 81km s~! for the secondary, which indi-
cates that both components are synchronised with the system.
From the minimum and the spectroscopic masses, we compute
an inclination of i ~ 37° + 2°. No peculiarities in surface abun-
dances are detected for both components. There are no age or
mass discrepancies in this system.

Appendix B: Best fits and chi-square maps

In this Appendix, we compare the best-fit models to the disen-
tangled spectra and we provide the chi-square maps in effective
temperature - log g for all the components. We also give the spec-
tral energy distribution for each object, the comparison between
the disentangled spectra and the observed ones at a particular
phase. Finally, we provide an individual HRD and a Kiel (log g—
Tes) diagram of the components in each system.
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Fig. B.1. From top to bottom and left to right: (1) Best-fit model of VFTS 042 primary (red line) compared with the disentangled spectrum (black
line), (2) determination of the T and log g via the chi-square map for this star. The red cross indicates the position of the minimum x?2, (3) and
(4) same as for (1) and (2), but for the secondary. (5) Spectral Energy Distribution of VFTS 042. (6) Comparison between the disentangled spectra
(scaled by the brightness factor of each component and shifted by their radial velocities) and one observed spectrum (7) Individual HRD (Left)
and (8) log g — T.q diagram of the stars of VFTS 042.
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Fig. B.3. Same as Fig. B.1 but for VFTS 055.
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Fig. B.4. Same as Fig. B.1 but for VFTS 061.
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Fig. B.5. Same as Fig. B.1 but for VFTS 063.
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Fig. B.6. Same as Fig. B.1 but for VFTS 066.
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Fig. B.8. Same as Fig. B.1 but for VFTS 114.
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Fig. B.9. Same as Fig. B.1 but for VFTS 116.
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Fig. B.10. Same as Fig. B.1 but for VFTS 140.

Article number, page 31 of 56



A&A proofs: manuscript no. TMBM_full_le

He | 4026 H delta He 14143
10 1.0 b
Lof=em—e
-vw»\/ww . v\f\"/
0.8 0.9
020 4075 aow0 ass O° 4100 4120 4140 4145
He Il 4200 H gamma He | 4388
11 11
1.0
X 10 V 10|
=) o8 00 o
3 06 o
N 4190 4195 4200 4205 4330 4340 4350 4380 4390 IS}
= He 1 4471 He Il 4542 C 11l 4068 -
11
g 10 10
o L0y s
5 \/z\/— v
0.8 08 0.9
a0 a4s0 4535 asa0 4545 4060 4070 4080
N 111 4511-15-18 NIV 4058 NI 4035-41
1 11 11
1.0 rapscnnnss 1.0 10| e Sy
3.8
9 09 0o 34000 34500 35000 35500 36000 36500 37000 37500 38000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [4] Effective temperature [K]
He 14026 H delta He 14143 4.40
1.0 1.00 10
08 0.75 &f; 4.35
o 0.8
4020 4025 4030 4035 4100 4120 4140 4145 4.30
He Il 4200 H gamma He 14388
11 1.0
10
D) P L T 4.25
; 0.9 06 08 o
O 40 a195 4200 4205 aB0 430 4350 30 4390 o420
= He 1 4471 Ly Hellas4a2 C 1l 4068 -
Euo 10 4.15
o L0 A o anAP
5. >\/..ﬁwr«
09 08 4.10
a0 adso 4535 4540 4545 4060 4070 4080
N 111 4511-15-18 NIV 4058 NIl 4035-41
11 11 11 4.05
10y S |1 PRA A | 10| Mgl vy
09 09 09 4.00
29000 29500 30000 30500 31000 31500 32000 32500 33000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [A] Effective temperature [K]
He 1 4026 H delta He 14143
1.0 AR
A f“ﬂ\
0.9 J
1o-1 VFTS 174 el W 0o
— 4030 4040 als0 4150 4160
vs\ x
S El He 1l 4200 He 1 4388
5 ; i
. 1.0 4 S——e 1.00
gur ot o Vg
& = J\r. 0.95 1 ¥
z E 0.9 ‘ i 0.6 4 i 0.90 4 .
2 S 4200 4210 4330 4360 4380 4390
16 He 14471 He Il 4542 N 1l 4515
10
1.0 4 1.0 gy o A
‘\“b\r e [ 'My\ ﬁ 100 -%M i ik Wﬁw
% A 091 ) 0.95
3x 100 4x10° 6 10° 10¢ 2% 10¢ 2470 4480 4520 4550 4520 4530
Wavelength [A] Wavelength [A]

70
4 VFTS 174, initial rotational velocity = 170.0 km/s 60 50 40
e
50000 45000 40000 35000 30000 25000 20000 50000 45000 40000 35000 30000 25000 20000
Effective temperature [K] Effective temperature [K]

Fig. B.11. Same as Fig. B.1 but for VFTS 174.
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Fig. B.12. Same as Fig. B.1 but for VFTS 176.
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Fig. B.13. Same as Fig. B.1 but for VFTS 187.

Article number, page 34 of 56



L. Mahy et al.: The Tarantula Massive Binary Monitoring:

He | 4026 H delta " He 14143
10
1.0 -\\[‘ \/v\/\/ 10
0.8 N/ 4.2
0.9
0.8 06
4020 4025 4030 4035 4100 4120 4140 4145
N He 1l 4200 H gamma » He | 4388 41
- 10
x
Brojemna | 05 v 1) [P o
Y= 0.9 3
- % 06 o
# 4190 4195 4200 4205 4330 4340 4350 4380 4390 g
= He 1 4471 He Il 4542 n C 11l 4068 = 39
ELo 11
5 \[‘w 10 __\__/J 10|
= 0.8 0.9 0.9 3.8
a0 a4s0 4535 asa0 4545 4060 4070 4080
N 111 4511-15-18 NIV 4058 NI 4035-41 37
11 11 11 3
L0 LA antenanbibip | 10| mmmmoma o [ 10 { oot
3.6
09 09 09 30000 31000 32000 33000 34000 35000 36000 37000 38000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [4] Effective temperature [K]
. He | 4026 H delta . He 14143
10 Lo
ﬂ: N W 10 vwwv—b 39
o
W wn ww w o o alo e «T56 T ko alez ala ithe alee 38
" He 11 4200 H gamma N He 14388 :
1 * 10 37
a%\/m .
o 0s \/
E o
Sos o 08 o 3.6
AT T—— e R T T 3
H He 1 4471 He Il 4542 C 11l 4068 =
E 11 1
2 . 3.5
0] s
N N 9\\/,—’d
I os 3.4
e ws we M ahomdsmiosisekonis s s o s s
N 111 4511-15-18 NIV 4058 NIl 4035-41
1 10 ™ 33
Los 105
e ‘\/‘\/‘V”“’V""*’ 100] e a | 100 A A
09 095 095 3.2
. 30000 31000 32000 33000 34000 35000
4510 4515 4520 4525 4530 4054 4056 4058 4060 4062 4032 4034 4036 4038 4040 4042 1
e Effective temperature [K]
He 14026 H delta He 14143
13 11
10 1.0
'm\\/m 1.0 W
0.8
0.9
. . . . 0.6 . . : . .
e VFTS 197 " 4020 4030 4040 4100 4120 4140 4150 4160
=~ S He Il 4200 H gamma He 14388
£ = 11
o o 1.0
= D 1.0 pommn \ 1.0
w E ,\WW 0s W
5. T 09 ’ 0.9
Lo € ’
x = 0.6
Z S 4190 4200 4210 4340 4360 4380 4390 4400
He | 4471 He Il 4542 NIl 4515
11
) 10 1.1
- *’%\//“V o w\/hﬂw 1.0 7 ooy o g
0.8 0.9 09
3% 10° 4% 10° 6% 10° 10% 2% 10* 4470 4480 4500 4550 4560 4510 4520 4530

Wavelength [A]

4 VFTS 197, initial rotational velocity = 150.0 km/s

50000 45000 40000 35000 30000 25000 20000
Effective temperature [K]

Fig. B.14. Same as Fig. B.1 but for VFTS 197.

Wavelength [A]

7060 50 4

50000 45000

40000 35000 30000 25000 20000
Effective temperature [K]

Article number, page 35 of 56



A&A proofs: manuscript no. TMBM_full_le

He | 4026 H delta He 14143 4.4
11 11
0 1.0
B v 1.0 { somo——or o o—
09 o8 43
0.9
4020 4025 4030 4035 4100 4120 4140 4145
He Il 4200 H gamma He | 4388
” 42
X 10 10
3 —\\/" o Y P -
; 0.9 o
# 034190 4195 4200 4205 4330 4340 4350 4380 4390 g 4.1
T, He | 4471 He Il 4542 C 11l 4068 -
. 11
€ 10
O 10| M et 1.0 { o ecrr s 4.0
=
0.9 0.8 0.9
a0 a4s0 4535 asa0 4545 4060 4070 4080
N 111 4511-15-18 NIV 4058 NI 4035-41 3.9
" 11 11
1.0 A miinmp | 10 10
3.8
09 40000 41000 42000 43000 44000 45000 46000 47000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [4] Effective temperature [K]
He | 4026 H delta He 14143
11
o 10 .‘._V,ﬁ
10 et s
-»\\/m .
0. 0.9
4020 4025 4030 4035 4100 4120 4140 4145
He 1l 4200 H gamma 1 He 1 4388
% 10
3 10 v—\/—t o \/’ ;
= a o
T o. 06 0.9
@ *“iso s w0 - e ww o FET R 2
= He 14471 He Il 4542 C Il 4068 =
1.
g 10 1.0 B
SO TN | et
= 0.9
0.8 0.9
w70 aas0 4535 asa0 4sas a060 4070 4080
N 111 4511-15-18 NIV 4058 NIl 4035-41
11 11 11
1.0 | meveemtanad 1,0 { AT nas | 10 s A
3.8
09 - 09 38000 39000 40000 41000 42000 43000 44000 45000 46000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [A] Effective temperature [K]
He 1 4026 H delta He 14143
10-4 1.00 . 104 ; R
RN Wk 100 Moy
0.95 ¥ 0.9 1
0.90 T T T 081 T ’ T 0951 T T
= 4020 4030 4040 4100 4120 4140 4150 4160
s 104 VFTS 217 E He Il 4200 H gamma He |1 4388
E = 10
o el 4 .
Iy 8 1O P . 1.00 WI‘W
W = 0951 J 087 ’ TR el
Z £ 0.8 | v |
% 1015 £ 090 . . : 0951 — .
3 ] 4200 4210 4340 4360 4380 4390
[ =4
He 14471 He Il 4542 N 1l 4515
11
ﬁ 1.05 h
1.00 4 . “ 10l |
1071 MW . WLOO’ AP
T 0951 T 091 u u T T
3% 105 4% 10° G x 10° 10* 2% 10* 4470 4480 4540 4550 4510 4520 4530
Wavelength [A] Wavelength [A]

70
4 VFTS 217, initial rotational velocity = 180.0 km/s .. 60 50 4
<3
50000 45000 40000 35000 30000 25000 20000 50000 45000 40000 35000 30000 25000 20000
Effective temperature [K] Effective temperature [K]

Fig. B.15. Same as Fig. B.1 but for VFTS 217.
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Fig. B.16. Same as Fig. B.1 but for VFTS 327.
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Fig. B.17. Same as Fig. B.1 but for VFTS 352.
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Fig. B.18. Same as Fig. B.1 but for VFTS 450.
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Fig. B.19. Same as Fig. B.1 but for VFTS 487.
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Fig. B.20. Same as Fig. B.1 but for VFTS 500.
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Fig. B.21. Same as Fig. B.1 but for VFTS 508.
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Fig. B.22. From top to bottom and left to right: (1) Best-fit model of VFTS 527 primary (red line) compared with the disentangled spectrum (black
line), (2)same as for (1) but for the secondary. (3) Spectral Energy Distribution of VFTS 527. (4) Comparison between the disentangled spectra
(scaled by the brightness factor of each component and shifted by their radial velocities) and one observed spectrum (5) Individual HRD (Left)
and (6) log g — T diagram of the stars of VFTS 527.
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Fig. B.23. Same as Fig. B.1 but for VFTS 538.

Article number, page 44 of 56



L. Mahy et al.: The Tarantula Massive Binary Monitoring:

He | 4026 H delta n He 14143 4.40
- X P
1.0
Wv'\\/v"* v \7\/‘/ W 435
08 09
0.6
4020 4025 4030 4035 4100 4120 4140 4145 4.30
He Il 4200 H gamma He 1 4388
1.0
x 0
R PN V 1 —— 4.25
=
- 00 06 08 o
& 4l 4195 4700 4205 4330 4320 4350 430 439 g‘ 4.20
= He | 4471 L1 __Hellasa2 N C Il 4068 =
€10 ) 415
5 \//N" 10 | 10 W
=
0.8 0.9 0.9 4.10
[T 4535 asa0 asas 460 400 4080
N Il 4511-15-18 NIV 4058 NIl 4035-41
11 11 4.05
11
10| vtapmgabasfidinn, | 10| pAPa A A 10| B AN
0 s 4.00
09 - : 30000 31000 32000 33000 34000 35000 36000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [4] Effective temperature [K]
He | 4026 H delta " He 14143 4.4
10 10 o
e ’V‘WW
0.8 0.9 43
0.6
4020 4025 4030 4035 4100 4120 4140 4145
He 1l 4200 H gamma He 1 4388
B 10 4.2
x 1.0
31| et | o v Mt N
% 06 08 o
e I e 941
% He 14471 He Il 4542 C 1l 4068 =
€., 11 11
S ‘\/.vvw 10 MM 10 W 4.0
Zos 09 09
[Ty 4535 440 asas a0 4070 4080
N Il 4511-15-18 NIV 4058 NIl 4035-41 3.9
11 11
11
10| oSl | 10 (WAt AN/ | 1.0 MM
0.9 0.9 38
09 - - 29000 30000 31000 32000 33000 34000 35000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [A] Effective temperature [K]
He | 4026 H delta He 14143
I‘ N
A | , i 1.00 1 .
1.0 W\% i Jﬂ,‘wﬁu 10 , h s MNM ,Hw‘!w
L |
09 7[‘ 0.8 A 0.95 4 u’fd
1014 VFTS 543 \
= 4030 4040 al00 4120 4120 4150
s E He Il 4200 H gamma He 14388
=
5 : 5 100 - I 1.00 1
Tt g i MW@L Al 104 H ’
o0 T o0esd o 0.8 ‘\/(M‘a'gy
5] . . v
L E v
Ea3 = T T T T
. S 4200 4210 4360 4380 4390
107 He | 4471 He Il 4542 NIl 4515
gl 105 ”
Wi At N
s | :}MW“MM 100 MWWPWW
101 0.95 4
3% 10% 4% 10° 6% 10° 10* 2% 10* 4540 4550 4510 4520 4530
Wavelength [A] Wavelength [4]

log (L/Ls)

70
4 VFTS 543, initial rotational velocity = 200.0 km /s 60 50 4
50000 45000 40000 35000 30000 25000 20000 50000 45000 40000 35000 30000 25000 20000
Effective temperature [K] Effective temperature [K]

Fig. B.24. Same as Fig. B.1 but for VFTS 543.
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Fig. B.25. Same as Fig. B.1 but for VFTS 555.
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Fig. B.26. Same as Fig. B.1 but for VFTS 563.
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Fig. B.27. Same as Fig. B.1 but for VFTS 642.

Article number, page 48 of 56



L. Mahy et al.: The Tarantula Massive Binary Monitoring:

He | 4026 H delta He 14143
11
1.0 W‘ 10 1 PO 39
08 09
08 )
4020 4025 4030 4035 4100 4120 4140 4145 3.8
He 1l 4200 H gamma N He | 4388
1.
X 10 W e 10| o 3.7
E 09 08 00 o
# 4190 4195 4200 4205 4330 4340 4350 4380 4390 g 36
= He | 4471 He Il 4542 C Il 4068 =
11 11
£ 3.5
5 Vw 10 W LO| owrm
=
o 0.9 00 34
w70 4480 4535 asa0 4 4060 4070 4080
N 111 4511-15-18 NIV 4058 NI 4035-41
11 11 11 33
1.0 Fwaagpwh 10 1.0 L)
3.2
09 09 0o 29000 30000 31000 32000 33000 34000 35000 36000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [4] Effective temperature [K]
He | 4026 H delta He 14143
10 o 10 3.4
o s -V’
0.6 0.8
4020 4025 4030 4035 4100 4120 4140 4145
N He 11 4200 H gamma He 14388 3.2
x 1.0 10
é’ 1ol ~ 08 \ ,
T 09 0.8 o
@ alao aTos 4700 4705 a0 am0 a0 o 430 930
= He 14471 He Il 4542 C Il 4068 =
E 11 11
R W Ve
Zo0s 0.9 2.8
0.9
w70 aas0 4535 4540 455 a0 4070 4080
L NW4s111518 NIV 4058 11 NIl 4035-41
2.6
B [T [USURNST (0 N N
0.9
09 09 20000 21000 22000 23000 24000 25000 26000
4510 4520 4530 4055 4060 4035 4040 .
Wavelength [A] Effective temperature [K]
He 14026 H delta He | 4143
10+ ] 11 M B ﬂl
i/ 10
\ 0.8 4 |
10-14 3 VFTS 652 0.8 N 0.9 b
= 4030 4040 4100 4120 4150 4150
s § He Il 4200 Hgamma He | 4388
E = 1)
S 0 .
~. @1.00 4 S v 10 T JW ﬂ
&
< N a > 1.0
W 2 W;g\ W f "'\A‘\“ s
Lot £0.951 0.8 (1 0.9
Ea3 = T T T T T T T
2 S a0 4200 4210 4330 4340 4350 4380 4390
He 14471 He Il 4542 NIl 4515
o
A 100 i
M
10-16 \
. \ 0.95
3x10% 410 6 10° 104 2% 10* 4470 4480 4540 4550 4560 4510 4520 4530
Wavelength [A] Wavelength [A]

log (L/Ls)

70
4 VFTS 652, initial rotational velocity = 200.0 km/s 60 50 4
3
50000 45000 40000 35000 30000 25000 20000 50000 45000 40000 35000 30000 25000 20000
Effective temperature [K] Effective temperature [K]

Fig. B.28. Same as Fig. B.1 but for VFTS 652.

Article number, page 49 of 56



A&A proofs: manuscript no. TMBM_full_le

He 14026 H delta He 14143
1.0 10
v 10 e
08
08 0.9
4020 4030 4100 4120 4140 4150
§ He 11 4200 H gamma He 14388
=11 11
] 1.0
a1 \/ L0 |
© 09 08
£ 0.9
£
S 4% 4200 4330 4340 4350 4380 4390
He 14471 He Il 4542
11
10 1.0
0.9 A 0.9 v
08
4470 4480 4535 4540 4545
Wavelength [A]
He 14026 H delta He 14143
1.0
1.0 10
08 ‘}\,ﬁ
08
0.8
4020 4030 4100 4120 4140 4150
5 He Il 4200 H gamma He 14388
=
by 1.0
.g 1.0 1.0 wvv
= A 08 09
0.9
E 0.8
S a0 4200 4330 4340 4350 4380 4390
He 14471 He Il 4542
11
1.0
Vw‘ 107 P sttt
08 0.9
4470 4480 4535 4540 4545
Wavelength [A]
oM VFTS 661
=
o
‘5 101
o
g
Fad
=
L ID"“
3x10° 4 10° G x 10% 10 2% 10*

Wavelength [A]

4 VFTS 661, initial rotational velocity = 300.0 km/s

50000 45000 40000 35000 30000 20000

Effective temperature [K]

25000

Fig. B.29. Same as Fig. B.1 but for VFTS 661.
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Fig. B.30. Same as Fig. B.1 but for VFTS 771.
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Fig. B.31. Same as Fig. B.1 but for VFTS 806.
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Appendix C: System magnitudes
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