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ABSTRACT

Context. A high fraction of massive stars are found to be binaries but only a few of them are reported as photometrically variable.
By studying the populations of double-lined spectroscopic binaries in the 30 Doradus region, we found a subset of them that have
photometry from the OGLE project and that display variations in their light curves related to orbital motions.

Aims. The goal of this study is to determine the dynamical masses and radii of the 26 binary components in order to investigate the
mass-discrepancy problem and to provide an empirical mass-luminosity relation for the Large Magellanic Cloud.

Methods. We use the PHOEBE programme to perform a systematic analysis of the OGLE V and [ light curves obtained for 13
binary systems in the 30 Doradus region. We adopt the effective temperatures, and orbital parameters derived previously to obtain the
inclinations of the systems and the parameters of the individual components.

Results. Three systems display eclipses in their light curves, while the others only display ellipsoidal variations. We classify two
systems as over-contact, five as semi-detached, and four as detached. The two remaining systems have uncertain configurations
due to large uncertainties on their inclinations. The fact that systems display ellipsoidal variations has a significant impact on the
inclination errors. From the dynamical masses, luminosities, and radii, we provide LMC-based empirical mass-luminosity and mass-
radius relations, and we compare them to other relations given for the Galaxy, the Large Magellanic Cloud (LMC), and the Small
Magellanic Cloud (SMC). These relations differ for different mass ranges, but do not seem to depend on the metallicity regimes. We
also compare the dynamical, spectroscopic, and evolutionary masses of the stars in our sample. While the dynamical and spectroscopic
masses agree with each other, the evolutionary masses are systematically higher, at least for stars in semi-detached systems. This
suggests that the mass discrepancy can be partly explained by past or ongoing interactions between the stars.

Key words. Stars: early-type - Stars: binaries: photometry - Stars: fundamental parameters - Open clusters and associations: indi-

vidual: 30 Doradus

1. Introduction

Massive stars play a crucial role in the ecology of galaxies, pro-
viding mechanical and radiative feedback on their host environ-
ments. Their fate is primarily governed by their mass, rotation,
and metallicity. They end their lives as core-collapse supernovae,
and can produce compact remnants such as neutron stars or black
holes. Moreover, massive stars are commonly found in pairs or
multiple systems (see e.g. Sana et al. 2012, 2013, 2014, and ref-
erences therein). The presence of a nearby companion signifi-
cantly alters the way that the stars evolve (Paczynski 1971; Pod-
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siadlowski et al. 1992; de Mink et al. 2013). Interactions during
the main sequence are expected in the closest binaries, whilst in
longer period systems (Pj,; > 6 days) the interactions are ex-
pected to occur after completion of the main sequence evolution
such that they evolve most of their life as single stars.

The ground-breaking detection of gravitational waves by
Advanced-LIGO detectors (Abbott et al. 2016) provided obser-
vational evidence that binary black hole systems exist.This dis-
covery opened a new decisive phase in the study of massive stars,
and emphasised that our understanding of the evolution of mas-
sive stars is not yet complete. It also pointed out the need for
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accurate stellar parameters of massive stars to compare with bi-
nary evolution models.

In this context, eclipsing binary systems are one of the pri-
mary sources used to derive the fundamental properties of stars
(masses, radii, and luminosities). The high accuracy that can be
reached on the stellar properties has greatly contributed to im-
proving stellar evolution theory (e.g. Harries et al. 2003; Hilditch
et al. 2005). Before the Gaia era, eclipsing binaries were also
used to determine accurate distances of the clusters or galax-
ies in which they were embedded (see e.g. Vilardell et al. 2010;
North et al. 2010; Kourniotis et al. 2015). Moreover, they have
played important roles in probing the possible interactions be-
tween these two components that totally modify the way that
they evolve (Nelson & Eggleton 2001; de Mink 2017).

In the past decade, the massive star population of the Taran-
tula nebula (also known as 30 Doradus) was the focus of a
large multi-epoch optical spectroscopic campaign (the VLT-
FLAMES Tarantula Survey VFTS; Evans et al. 2011, PI: Evans,
182.D-0222). Subsequent observations were then obtained by
the Tarantula Massive Binary Monitoring programme (TMBM,
PI: Sana, 090.D-0323 and 092.D-0136), which was designed to
characterise the properties of the binary systems identified in this
region. Among the massive binaries observed by TMBM, 51
were reported as single-lined spectroscopic binaries (SB1) and
31 as double-lined spectroscopic binaries (SB2). The properties
of the orbits were provided by Almeida et al. (2017, hereafter
Paper 1,) whilst the stellar parameters (L, Teg, log g, v sini) and
surface abundances (He, C, and N) of all the components in the
SB2 systems were given by Mahy et al. (2020, in press, here-
after Paper III). Among these objects, 13 show clear photomet-
ric variations in their light curves from Phase IV of the Optical
Gravitational Lensing Experiment (OGLE, Udalski et al. 2015).

The present paper focuses on the analysis of the light curves
for these 13 massive binary systems located in 30 Dor. Our goal
is to determine the dynamical masses and the radii of their com-
ponents. Here we use them to derive mass-luminosity and mass-
radius relations at LMC (Large Magellanic Cloud) metallicity
and to investigate the mass-discrepancy problem (Herrero et al.
1992). The paper is organised as follows. In Sect.2 we describe
the observations and the data analysis procedure. The results for
the 13 individual binary systems are provided in Section 3 and
are discussed in Section 4. Finally, we summarise and draw our
conclusions in Section 5.

2. Observations and data analysis

Among the 31 SB2 binary systems analysed in Papers I and II,
13 were identified by the OGLE project as showing photomet-
ric variations. OGLE V- and I-band photometry were obtained
from phase IV of the project (Udalski et al. 2015). The data were
obtained between 2010 March and 2014 March for these 13 sys-
tems.

The OGLE light curves were analysed with the software
programme PHOEBE (PHysics Of Eclipsing BinariEs, v0.31a,
Prsa & Zwitter 2005). PHOEBE models the multi-bandpass light
curves and the radial velocity (RV) curves of the object at the
same time. This software is based on the code of Wilson and
Devinney (Wilson & Devinney 1971), and uses the Nelder and
Mead Simplex fitting method (Nelder & Mead 1965) to adjust all
the input parameters and to find the best fits to the light curves.
For the Nelder and Mead Simplex, the maximum number of it-
erations is fixed to 200, and the aimed relative precision to 1073,

Given that all considered components have radiative en-
velopes, we fix the gravity darkening (g;) exponent to unity for
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all components (von Zeipel 1924), and also the surface albedos
(A; = 1.0). For the limb darkening, we use the square root law,
better suited for hotter stars (Diaz-Cordoves et al. 1995). The op-
tion of a reflection effect is enabled and set to two reflections. All
the orbits are taken to be circular. A y?> minimisation procedure
computed between the synthesised light curves and the observed
data is used to evaluate the quality of the solutions.

To complete our dataset, we use the orbital parameters given
in Paper Il(the orbital periods, projected semi-major axes, mass
ratios and HJDy) and the RVs that were derived in Paper 1. We
keep the effective temperatures of the stars (derived after spectral
disentangling and atmosphere fitting in Paper III) fixed for our
analysis, and only consider the Roche lobe filling factors (and
thus the configurations of the systems) and the inclinations as
free parameters. The uncertainties of the effective temperatures
are neglected. As specified in Paper III, the current most massive
stars of the systems are defined as primaries.

3. Results

Based on the ratio of the radius of the components to that of
their Roche lobe, we classify the 13 systems in four different
categories:

— detached when both components are well within their Roche

lobe;
— semi-detached when one component fills its Roche lobe;
— contact/over-contact when both components fill their Roche

lobes;
— uncertain: when the uncertainties on the Roche lobe filling

factors are too large to allow reliable classification of these
systems (e.g. because of the low inclinations of the systems,
and that only ellipsoidal variations are detected)

The inclinations (i), dynamical masses (Mgy,), and radii (R) ob-
tained by light-curve fitting are provided in Table 1. We also pro-
vide the orbital periods (P,p) and mass ratios (Mp/My) of the
systems, as well as the effective temperatures (Tg), and spec-
troscopic (Mspec) and evolutionary (M) masses of the compo-
nents. We compute the luminosities (L) of the stars from their
radius and their effective temperature (the solar luminosity value
was taken from Mamajek et al. 2015). The radius of the Roche
lobe (Rgy) is computed from Eggleton (1983). As an example,
Fig. 1 shows the light curves of VFTS 061 and their best fits with
PHOEBE. The other fits are shown in the Appendix.

The error bars given in Table 1 are established by exploring
the parameter space. For this purpose we fix one parameter and
allow the others to vary in order to reach the minimum of the y?.
The error bars are then determined for a variation in the y? corre-
sponding to a 68.3% confidence level (1 — o) and the appropriate
number of degrees of freedom.

3.1. Detached systems
3.1.1. VFTS 500

VFTS 500 is classified as an O6V + O6.5 V binary system.
It has an orbital period of 2.88 days. Its light curve (Fig. A.1)
shows grazing eclipses and ellipsoidal variations. Morrell et al.
(2014) reported an inclination of 64° and individual masses of
20.5 + 0.6 M, for the primary and 20.2 + 0.6 M,, for the sec-
ondary. From effective temperatures of 40700 K for the pri-
mary and 39400K for the secondary, we derive an inclination
of 61.2’:%:(1)(’. This value infers masses of Mp = 25'132 Mg and
Mg = 23.8*13 M. We compute radii of Rp = 8.9*0% R, and
Rs = 8.7f8'2 Ro. The stars fill 42% of their Roche lobes.
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3.1.2. VFTS543

VFTS 543 is composed of an 09.5V primary and an 09.7V
secondary in a 1.38-day orbit. The light curves (Fig. A.2) dis-
play ellipsoidal variations, with Am = 0.06 in the V band and
Am = 0.04 in the I band. We use as effective temperatures
33200 K for the primary and 32400 K for the secondary. We esti-
mate an inclination of 37.2*38° for the system. This value gives
us masses of Mp = 22.5:6‘:2 Mg and Mg = 20.03:‘91 M. The radii
are estimated to Rp = 6.1702 Ry and Rg = 5.7*)2 Ro. The stars

.80 9
fill about 60% of their Roche lobes.

3.1.3. VFTS 642

VFTS 642 was classified as an O5.5V + O9V binary system.
The system has an orbital period of 1.73 days. Its light curve
(Fig. A.3) displays ellipsoidal variations with a difference in
magnitude of about Am = 0.03 in the V band and Am = 0.07
in the / band. The inclination of the system is determined to
be 33.7 £ 5.0°. From effective temperatures of 40700 K for the
primary and of 34800 K for the secondary, we compute radii of
Rp = 7.0’:{:3 Roand Rs = 6.0f{:i Rs. The primary fills 43% of its
Roche lobe and the secondary 51%. Their masses are estimated
to Mp =298 +11.7 Mg and My = 19.2 +7.6 M,

3.1.4. VFTS 661

VFTS 661 is an 06.5V + 09.7V binary system where the two
components almost fill their Roche lobe with a filling factor of
about 75% for the primary and 82% for the secondary. The sys-
tem has an orbital period of 1.27 days. Its light curve (Fig. A.4)
exhibits clear eclipses. The system is seen under an inclination
of 64.5*02°. We fix the effective temperature of the primary
to 38400 K and that of the secondary to 31800 K. The masses
are estimated to be Mp = 27.3f?:g Mg and Mg = 19.4f8:$ M.
The mean radii are measured to Rp = 6.8*0% R, and Ry =

0.03 -0.01
+0.
57100 R,

3.2. Semi-detached systems
3.2.1. VFTS 061

VFTS 061 is a semi-detached binary system with a circular or-
bit and a period of 2.33 days. The two stars were classified as
09V and O91II in Paper III. We fix the effective temperatures
to 33500 K for the primary and to 32900 K for the secondary.
From PHOEBE we derive an inclination of 69.1° +0.9°. The two
components have roughly the same temperature even though the
secondary has a lower surface gravity, filling in its Roche lobe.
We estimate a mass of Mp = 16.3 + 1.4 M, and a mean radius
of Rp = 7.2 + 0.2 R, for the primary whilst the secondary has a
mass of Mg = 8.7 + 0.6 M, and a radius of Rg = 7.3 + 0.3 R,.
Figure 1 displays the light curve and its PHOEBE best-fit model.

3.2.2. VFTS 094

VFTS 094 is an O4+06 binary system with very low projected
masses for both components (Mp sin’i = 3.19 + 0.59 M, and
Mgsin®i = 2.95 + 0.54 M) and an orbital period of 2.26
days. We note that no luminosity class was assigned to stars
with spectral classification earlier than O7 in Paper III because
of the wavelength range covered by the spectroscopic observa-
tions. However, Walborn et al. (2014) classified the primary as
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03.5 Inf*p. Its light curve (Fig. A.5) displays ellipsoidal varia-
tions with Am = 0.05 in the V band and Am = 0.08 in the
band. In Paper III we derived effective temperatures of 41900 K
for the primary and 40100 K for the secondary. From PHOEBE
we estimate for the system an inclination of i = 28.1’:g'g°. This

yields masses of Mp = 30.5711 M, and Mg = 28.2j;%7 M, as

well as radii of Rp = 10.9*]J R, and Rs = 8.17]% Ro.

3.2.3. VFTS 176

VFTS 176 is classified as an O6 + B0.2 V binary system with an
orbital period of 1.78 days. The effective temperature of the pri-
mary is fixed to 38300 K and that of the secondary to 28500 K.
Its light curves show eclipses (Fig. A.6). We determine an incli-
nation of i = 89.70° + 0.30°. We estimate that the primary has a
radius of Rp = 9.4 + 0.1 R, filling in its Roche lobe. The sec-
ondary has a radius of Ry = 4.9 + 0.2 R;. We estimate masses of
Mp =283+1.5Myand Mg =17.5+0.9 M.

3.2.4. VFTS 450

VFTS 450 was analysed by Howarth et al. (2015). The fainter
component (the primary) is classified as O8 V and the brighter
one (the secondary) as 09.7 1. The system has an orbital period
of 6.89 days. We fix the effective temperatures to 33800 K for
the primary and 28300 K for the secondary. The light curve of
VFTS 450 (Fig. A.7) shows ellipsoidal variations and perhaps
grazing eclipses, but the dispersion of the data points prevents us
from being more precise. Given the spectral classification of the
two components, the most plausible configuration is that the sec-
ondary fills its Roche lobe. Under this assumption, we determine
an inclination of about 63.5f{:;°. This inclination infers masses

of Mp = 29.0*}} Mo, for the primary and of Mg = 27.8*3% M
for the secondary. The radius of the primary is Rp = 13.0°39 R,

and that of the secondary Ry = 22.2*)3Ro. In the situation
where both components fill their Roche lobe (contact configura-
tion), the inclination of the system is estimated to be 58.4°+1.5°,
giving masses of Mp = 38.2 + 0.8 My and My = 35.1 £ 0.6 M,

as well as radii of Rp = 26.6 + 0.5 R, and Ry = 25.7 = 0.4 R,,.

3.2.5. VFTS652

VFTS 652 is a binary system composed of an O8 V primary and
an evolved B1 1 secondary, and was already studied by Howarth
et al. (2015). The orbital period of the system is 8.59 days.
The configuration of the system indicates that the secondary
fills its Roche lobe. However, the light curve only displays el-
lipsoidal variations and perhaps grazing eclipses (Fig. A.8), but
the dispersion of the data points does not allow us to distin-
guish between the two possibilities. PHOEBE suggests an in-
clination of i = 63.7fg:g°. From this value and from effective
temperatures of 32100 K for the primary and 23900K for the
secondary, we determine masses of Mp = 18.1:31:2 M and of
M; = 6.5 M. We also estimate radii of Rp = 15.4707 R, and
Rs = 16.8")7 Ro. We note that these results are in agreement
with those of Howarth et al. (2015) within the error bars.
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Fig. 1. Left: V-band light curve of VFTS 061, phased to the best-fit model derived with PHOEBE. Right: Same for the /-band light curve. Residuals

of the fits are shown in the lower panels.

3.3. Contact systems
3.3.1. VFTS 066

VFTS 066 is a system classified as O9 V+B0.2 V. It has an or-
bital period of 1.14 days. Its light curve (Fig. A.9) displays ellip-
soidal variations due to the deformation of the stars. The mini-
mum masses of Mpsin®i = 0.35 + 0.01 Mg, and of My sin®i =
0.18 + 0.01 M given in Papers I and II suggest a very low in-
clination for the system. From Paper III, the effective tempera-
ture of the primary is fixed to 32800 K and to 29000 K for the
secondary. With its short orbital period, we can assume that the
two objects are close to filling or fill their Roche lobe. The fit
of the light curve confirms these assumptions. We indeed de-

termine an inclination of i = 17.53'?’, which provides masses

of Mp = 13.0*7:9 M, for the primary and Ms = 6.6*33 Mo, for

the secondary. Their radii are estimated to Rp = 5.8*03 Re, and

Rs = 4.4*0¢ Ro, respectively. This analysis also confirms that,
within the error bars on the inclination, both components fill or
exceed their Roche lobes.

3.3.2. VFTS 352

The light curve of VFTS 352 (Fig. A.10) has been thoroughly
analysed in photometry by Almeida et al. (2015) and in spec-
troscopy by Abdul-Masih et al. (2019). We derive values for
the effective temperatures of both components of 41600K for
the O5.5V primary and 40600K for the O6.5V secondary.
VFTS 352 has an orbital period of 1.12 days. The light curve
shows an over-contact system seen under an inclination of
53.6%}3°. We derive masses of Mp = 25.6*]"] M, for the pri-
mary and of My = 25.1f}:g M, for the secondary. Their mean
radii are estimated to Rp = 6.8f8:; Ro and Rg = 6.8fgé Ry, re-
spectively. Taking the effective temperature from Abdul-Masih
et al. (2019) into account leads to a slightly higher inclination of
55.5°+0.7°, masses of Mp = 23.73:2 Mg and Mg = 23.33:‘2‘ M,
and radii of Rp = 6.4%)) Ry and Ry = 6.3"0) Ro. These results
are consistent with our study. However, we obtain smaller radii
and lower masses than Almeida et al. (2015) derived from their
analysis, although the differences are small.

3.4. Uncertain configurations
3.4.1. VFTS 217

VFTS 217 is a binary system composed of an O4 primary and an
05.5 secondary with an orbital period of 1.86 days. Given their
spectral types and the short orbital period of the system, we ex-
pect that both components almost fill their Roche lobe. The light
curve of the system displays ellipsoidal variations (Fig. A.11),
but no eclipses. The fit of the light curve provides an inclina-
tion of the system of 40.0 + 4.0°. With effective temperatures
of 45000 K and 41800 K for the primary and the secondary, re-
spectively, we estimate that the mass and radius of the primary

are Mp = 46.8 + 11.7 My and Rp = 10.17} Ro, and for the sec-

ondary Mg = 38.9+9.7 My and Ry = 9.47¢ Ro. More than 80%
of the Roche lobe volumes are filled by the stars.

3.4.2. VFTS563

VFTS 563, composed of two 09.5V stars, shows ellipsoidal
variations in its light curve (Fig. A.12). The effective temperature
is 32400 K for both stars. PHOEBE provides us with an inclina-

tion for the system of i = 29.7*30°. The masses that we infer
19

from this inclination are Mp = 26.24_';.2 M, for the primary and

Mg = 20.01'2; M, for the secondary. Their radii are computed to

be Rp = 6.6f8"7‘ Roand Ry = 5.8’:8:‘6‘ Rs, meaning that about 85%

of the Roche lobe volumes are filled by the stars.

4. Discussion
4.1. Mass-luminosity relation

The analysis of the 13 light curves of O- and early B-type binary
systems in 30 Dor allows us to determine the masses and the radii
of their components. Even though not all our systems are clearly
detached, we are able to establish the mass-luminosity and mass-
radius relations for massive stars in 30 Dor, and we compare
them with other relations found for the LMC, SMC, or the Milky
Way. There is, however, a considerable spread expected between
the different mass ranges, even for ‘well-behaved’ single stars.
According to the theory, the mass-luminosity relation follows

L~ M/,

Article number, page 5 of 14
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where u is the mean molecular weight of the stellar gas and 8 > 1
(for a star with 30 M, B8 = 2.8; see Fig. 17 of Kohler et al. 2015).
In this power law the exponent @ describes the slope of the mass-
luminosity relation in the log L — log M plane. This relation is
very steep near the solar mass (¢ ~ 5); instead, @ — 1 when
M — oo, due to the increasing radiation pressure for higher
masses (Kippenhahn & Weigert 1990). In the core of the star,
(¢ can change by a factor of 2.2 during the hydrogen burning
phase. Therefore, if the convective core comprises about half of
the mass of the star, the average u can change by a factor of 1.6,
and thus a spread in luminosity at 30 My of 1.6% is expected,
which gives a factor of 3.7 (0.57 dex in logarithm of the lumi-
nosity, Brott et al. 2011; Kohler et al. 2015).

To build these relations for the stars in the LMC, the con-
servative approach is to first exclude all the systems that are be-
lieved to have interactions between the two components (semi-
detached or contact systems). From Paper III there is no in-
dication that the remaining systems (VFTS217, VFTS 500,
VFTS 543, VFTS 563, VFTS 642, and VFTS 661) have indeed
interacting components. In restricting the sample to these sys-
tems, we limit ourselves to a mass range between 20 and 50 M.
We then fit to the data a linear regression which gives

log(L/Ls) = [2.32 + 0.18] log(M/M;) + [1.74 + 0.08] €))

for masses between 20 and 50 M, (Fig.2, right part of dashed
black line). When we overplot the individual properties of com-
ponents in eclipsing binary systems from the LMC analysed by
Morrell et al. (2007, and references therein), we see that their
most massive systems agree well with those of our sample and
that the relation provided for the mass-luminosity also fits their
data. If we now perform a linear regression on their systems with
masses between 4 and 20 M., the relation that we obtain is:

log(L/Ls) = [3.06 + 0.22] log(M/M;) + [0.87 = 0.11] 2)

(confirming that provided by Gonzilez et al. 2005; see Fig. 2,
blue dot-dashed line). Thus, the two relations seem different and
clearly depend on the mass range.
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Another mass-luminosity relation was given by North et al.
(2010) for objects with masses between 4 and 20 M, located in
the SMC. These authors provide a mass-luminosity relation:
log(L/Le) = [3.04 + 0.11]log(M/My) + [0.90 + 0.09]. 3)
This range is similar to that given by Gonzdlez et al. (2005) and
Morrell et al. (2007) for stars in the LMC, and we conclude that
the two relations agree well with each other.

The mass-luminosity relation was also derived for stars with
different mass ranges in the Milky Way. From a compilation of
results, Vitrichenko et al. (2007) derived a mass-luminosity rela-
tion of

log(L/Lo) = [2.76 + 0.02] log(M/M) + [1.28 + 0.02] “)
for Galactic stars between 10 and 50 M. We display this lin-
ear fit in Fig.2 (dotted line) to compare it with our data. This
relation seems to be more an average value than a good fit of
the observed data, and emphasises the need for either splitting
the mass range to properly fit the data or to increase the degree
of the polynomial fit. Another possible difference arises because
these authors have not discarded those systems showing proba-
ble mass transfer between both components.

Given our results and those from the literature, it seems that
metallicity does not play a role in the mass-luminosity relation,
which is not what we expected. A star with the same mass but
with a lower metallicity would indeed be expected to have a
higher luminosity due to lower opacities and due to the radia-
tion that would be freely flowing to the stellar surface. More-
over, we can confirm from observation that the mass-luminosity
relation is different depending on the mass range in question.
It indeed shows that the exponent tends to be smaller when the
stellar masses are higher. In order to derive a unique relation for
the entire mass range of massive stars (from 4 to 50 M) in the
LMC, we use a polynomial of degree two. We obtain the follow-
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ing more general relation:

log(L/Le) = [—0.68 = 0.11](log(M/Mp))*+ )

[4.11 + 0.15](log(M/M)) + [0.55 = 0.08].
This relation is represented as a purple solid line in Fig.2. In
Fig. 2, we also plot in red two mass-luminosity relations for ho-
mogeneous ZAMS (Xy = 0.7) and TAMS (Xy = 0.0) stars pro-
vided by Grifener et al. (2011). Based on the mass-luminosity
relation, there can be no core hydrogen burning star which is
not located between the two lines (i.e. this should also be a hard
limit for post-interaction binaries). We see that among the semi-
detached binaries the two secondary components of VFTS 176
and VFTS 652 are outside these two lines. We also see that
two other stars deviate more than 1o from these two lines:
the primary component of VFTS 563 and the secondary star of
VFTS 661.

4.2. Mass discrepancy

Historically, three different approaches' to measuring the mass
of a star have been developed:

— the spectroscopic mass (Mgpec) is computed from the sur-
face gravity and the mean stellar radius, through atmosphere
modelling and absolute luminosity;

— the evolutionary mass (M) is obtained from the position
of the star in the Hertzsprung-Russell diagram;

— the dynamical mass (Mgy,) is determined from the minimum
mass of the component in a binary system and the inclina-
tion of a system (estimated through photometry or relative
astrometry).

For our analysis, the evolutionary masses were computed by
using the Bayesian tool BONNSALI (Schneider et al. 2014, 2017)
with the luminosities, effective temperatures, surface gravities,
and projected rotational velocities (derived in Paper III) as in-
puts. This allows a statistical comparison of the empirical results
with evolutionary tracks of Brott et al. (2011) and Kohler et al.
(2015). Herrero et al. (1992) noted a systematic discrepancy be-
tween the evolutionary and the spectroscopic masses with the
evolutionary masses on average higher than the spectroscopic
estimates. The general picture tends to show now that the evolu-
tionary and spectroscopic masses for populations of massive sin-
gle stars are roughly consistent for masses higher than 25-35 M
(see e.g. Martins et al. 2012; Mahy et al. 2015). In contrast, for
objects with initial masses lower than this threshold, the evolu-
tionary masses are systematically higher than the spectroscopic
masses (see e.g. Markova & Puls 2015; Markova et al. 2018;
Schneider et al. 2018).

The analysis of eclipsing detached binary systems provides
us with a unique way to determine the exact masses of stars.
We can use it as a Rosetta Stone to tackle the mass-discrepancy
problem. Martins et al. (2017) pointed out that the evolution-
ary masses in their sample of six binary systems were also sys-
tematically higher by about 15-20% than the spectroscopic and
dynamical masses. In Table 1, we give the dynamical, spectro-
scopic, and evolutionary masses for each component of the 13

! Actually, a fourth value, the wind mass, was mentioned by Groe-
newegen & Lamers (1989) and Kudritzki et al. (1992). This method
employs the wind-driven theory, which relates the terminal wind ve-
locity to the stellar escape velocity. This parameter is unknown for the
stars in our sample, and so we do not discuss it in the present paper.
More information can be found in Weidner & Vink (2010).

systems with light curves studied in the present paper. We also
give the different ratios of these different masses.

While dynamical and spectroscopic masses are measure-
ments that are independent of the evolutionary history of bi-
naries, the evolutionary masses depend on the stellar evolution
models used to extract them, in particular single-star tracks. A
comparison between these three masses is performed in Fig. 3.

The comparison between the spectroscopic and dynamical
masses offers a good agreement within the error bars, even for
the components in interacting systems (given that these measure-
ments are independent of the evolution of the stars). Four stars,
however, deviate by about 1.5 — o (see Table 1): the primary of
VFTS 176, the two components of VFTS 352 and the secondary
of VFTS 450. These four objects are either in semi-detached or
contact configurations, but as mentioned above their evolution
should not have an impact on these two masses. The causes of
this discrepancy therefore remain uncertain.

When we consider the evolutionary versus spectroscopic
masses (Fig. 3, middle panel), we observe that a general agree-
ment exists between these two masses for stars in detached sys-
tems. For objects in semi-detached systems, and to a lesser extent
in contact systems, the discrepancy is clearly visible, with evo-
lutionary masses systematically higher (i.e. these stars tend to
be overluminous). In almost all the case (except for VFTS 652
where both components are overluminous when we compare
the spectroscopic and evolutionary masses), the components that
show the largest discrepancy are the stars that fill the Roche lobe,
suggesting that the mass transfer and thus the stripping of their
outer layers makes them more luminous than their physical prop-
erties tend to indicate. The comparison of their properties with
single-star evolutionary tracks is therefore no longer valid since
mass transfers affect the properties of these components.

When we compare the dynamical masses to the evolutionary
masses, we draw the same conclusions. There are, however, three
clear outliers among the detached systems: both components
of VFTS 500, and the secondary of VFTS 661. As mentioned
above, we also observe a systematic shift indicating that the evo-
lutionary masses tend to be higher than the dynamical masses
for the components in interacting systems (semi-detached and
contact). The stripping of the outer layers of the mass donors
tends to make them more luminous, increasing their evolution-
ary mass. This result confirms that the use of single-star evolu-
tionary tracks to explain the product of binary interactions do not
match. This trend was also observed by Martins et al. (2017) for
massive binary systems located in our Galaxy.

5. Conclusion

We analysed the OGLE light curves of 13 binary systems in the
30 Doradus region. Among the 13 light curves there are only
three that display deep eclipses; the others are reminiscent of
ellipsoidal variations or over-contact systems. The study of the
light curves gives us access to the inclinations of the systems,
and thus to the dynamical masses and radii of each component.
However, for the systems showing ellipsoidal variations, the un-
certainties on their inclinations are large, which also implies
large uncertainties on their masses and radii. These data com-
plement the optical spectra obtained in the frame of the Taran-
tula Massive Binary Monitoring project (Almeida et al. 2017).
Disentangled spectra were already modelled with an atmosphere
code, and the individual parameters of each component are pro-
vided in Paper III. The effective temperatures of each component
were adopted here to model the OGLE light curves.
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By fitting the light curves, we confirmed the configurations
established in Paper III for four detached, four semi-detached,
and two contact systems. We also revised these configurations
for three systems. For VFTS 094, the system is expected to be
semi-detached. For VFTS 217 and VFTS 563, the configurations
are uncertain and it is not clear whether these systems are de-
tached or in contact. These uncertainties come from the low
inclinations inferred for those systems and because their light
curves do not show any eclipses, but do show ellipsoidal varia-
tions.

We used the masses, luminosities, and radii of the stars to
compare the mass-luminosity and mass-radius relations. As ex-
pected from theory, the relations are different with respect to the
mass ranges of the stars, but appear to be independent of the
metallicity regimes. If covering the entire mass range of massive
stars (from 4 to 50 M) is required, we provide a second-degree
equation that fits our data best.

We also compared these dynamical, spectroscopic, and evo-
lutionary masses of the star in our sample. While the two first
masses are measurements, the others are dependent on the evo-
lution of the stars. We observe a general agreement, within the
error bars, between the dynamical and spectroscopic masses.
The two masses agree well with each other, which implies a
high credibility for the dynamical masses and for the spectro-
scopic masses for the entire mass range under investigation. A
discrepancy is clearly present when we compare the dynamical
and spectroscopic masses to the evolutionary masses, with the
largest differences occurring for members of the semi-detached
systems.

Through the present analysis we provide a set of stellar pa-
rameters for massive binary systems that can now be compared
with binary evolutionary models in order to validate these mod-
els and to better understand the different stages of evolution of
massive binary systems.
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Appendix A: PHOEBE best fits

In this appendix, we compare the PHOEBE best-fit models to
the V and [ light curves of the systems.
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Fig. A.8. Same as Fig. 1, but for VFTS 652.
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Fig. A.9. Same as Fig. 1, but for VFTS 066
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Fig. A.10. Same as Fig. 1, but for VFTS 352.
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Fig. A.11. Same as Fig. 1, but for VFTS 217.
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Fig. A.12. Same as Fig. 1, but for VFTS 563.
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