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ABSTRACT

Context. The measurement of apsidal motion rates in eccentric eclipsing binaries is a unique way to gain insight into the internal
structure of stars through the internal density concentration parameter, k2. High-quality physical parameters of the stellar components,
together with precise measurements of the advance of the periastron, are needed for the comparison with values derived from models.
Aims. As a product of the Transiting Exoplanet Survey Satellite (TESS) mission, high-precision light curves of a large number of
eclipsing binaries are now available. Using a selection of well-studied, double-lined eccentric eclipsing binary systems, we aim to
determine their apsidal motion rates and place constraints on the internal density concentration and compare with the predictions from
state-of-the-art theoretical models.
Methods. We computed times of minimum light using the TESS light curves of 34 eclipsing binaries with precise absolute param-
eters. We used the changing difference over time between primary and secondary eclipse timings to determine the apsidal motion
rate. To extend the time baseline, we combined the high-precision TESS timings with reliable archival data. On the other hand, for
each component of our sample of double-lined eclipsing binaries, we computed grids of evolutionary stellar models for the observed
stellar mass exploring ranges of values of the overshooting parameter fov, the mixing-length parameter, and the metallicity. To find
the best solution for the two components we adopted a χ2 statistic to infer the optimal values of the overshooting parameter and the
mixing-length parameter. The theoretical internal structure constants to be compared with the observed values were calculated by
integrating the differential equations of Radau for each stellar model.
Results. We have determined the apsidal motion rate of 27 double-lined eclipsing binaries with precise physical parameters. The
obtained values, corrected for their relativistic contribution, yield precise empirical parameters of the internal stellar density concen-
tration. The comparison of these results with the predictions based on new theoretical models shows very good agreement. Small
deviations are identified but remain within the observational uncertainties and the path for a refined comparison is indicated.
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1. Introduction

Double-lined eclipsing binaries (DLEBs) have demonstrated to
be the basic source of information about fundamental stellar
properties, such as masses and radii (Andersen 1991). The com-
parison of observed physical properties with theoretical mod-
els has been used to perform critical tests of stellar structure
and evolution models (Ribas et al. 2000a; Torres et al. 2010;
Claret & Torres 2019). Precise masses and radii are needed for
a solid and reliable comparison between observations and the-
ory, essentially better than 3%, and this generally calls for the
use of DLEBs. Furthermore, the binary systems have to be well
detached, for instance, with the radii of both components being
much smaller than their Roche limits, to ensure that the compo-
nents represent the behavior of single stars with the same physi-
cal properties.

? Full Table 2 is only available at the CDS via anonymous ftp
to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsarc.
u-strasbg.fr/viz-bin/cat/J/A+A/654/A17

Eccentric eclipsing binaries offer further opportunities to
characterize the internal structure of stars through the measure-
ment of the precession rate of the line of the apses of the orbit,
for instance, the apsidal motion rate. Such secular motion can
be understood as the sum of two terms, one classical and one
relativistic. The classical, or Newtonian, effect is related to the
quadrupole interactions that depend on the internal mass distri-
bution of the stellar components (basically the degree of mass
concentration toward the center). The second term is a con-
tribution arising from general relativity (GR), the best known
example of which is the advance of the perihelion of Mercury.
Of course, if there is a third body gravitationally bound to the
close binary, an additional term in the apsidal motion has to be
considered.

Precise determinations of apsidal motion require long-term
monitoring of the times of eclipse, generally spanning sev-
eral decades, with high-quality measurements, although apsidal
motion rates can also be derived from long time series of radial
velocity data (Schmitt et al. 2016). The Transiting Exoplanet
Survey Satellite (TESS) mission to study exoplanets through

Article published by EDP Sciences A17, page 1 of 19

https://doi.org/10.1051/0004-6361/202141484
https://www.aanda.org
mailto:claret@iaa.es
http://cdsarc.u-strasbg.fr
ftp://130.79.128.5
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/654/A17
http://cdsarc.u-strasbg.fr/viz-bin/cat/J/A+A/654/A17
https://www.edpsciences.org


A&A 654, A17 (2021)

photometric transits (Ricker et al. 2015), with its nearly full sky
coverage, provides, as a bonus, precise photometry of a large
sample of eclipsing binary systems with a time baseline of at
least 27 days and up to two years in some cases. Precise moni-
toring of binary light curves is thus possible from space, without
the disturbing day/night effect, and accurate eclipse timings can
be derived thanks to the uniform sampling. Equipped with this
new tool, we have established a program to make precise apsidal
motion determinations in eccentric eclipsing binaries with accu-
rate absolute dimensions, in some cases for the first time, and
compared them with theoretical models.

The first results of our program were presented in
Baroch et al. (2021), hereafter referred to as Paper I. This paper
addressed eclipsing binary systems with accurate dimensions
and with apsidal motion rates dominated by the relativistic con-
tribution, with a limit set to be at least 60% of the total apsidal
motion rate. This allowed us to perform a stringent test of the
predictions of GR, which revealed excellent agreement between
observations and theory. In the present paper, we focus on the
systems where the classical term is dominant (for instance, GR
contribution being less than 60% of the total). For such cases, we
calculate the GR apsidal motion rate analytically (which Paper I
shows to be accurate) and we subsequently subtract it from the
observed rate to determine the observational classical term. We
can then compare with stellar model predictions and provide
constraints on interior structure (for instance, Claret & Giménez
1993, 2010, and references therein).

This paper is structured as follows. Section 2 is dedicated
to describe the observational sample and the measurements of
eclipse timings. Section 3 describes the apsidal motion determi-
nations, the methodology and the results, with further details
for each individual system in an appendix. Section 4 is dedi-
cated to describe the stellar evolutionary models, the differential
equations used to obtain theoretical values of the apsidal motion
constants, and the methodology employed to compare with the
physical dimensions of the component stars. Section 5 is devoted
to the comparison between observed and theoretical values of
log k2 and, finally, in Sect. 6 we present our conclusions.

2. The observational sample

For a useful interpretation of the apsidal motion rate observed
in eccentric eclipsing binaries, it is essential to have a precise
knowledge of the physical properties of the component stars,
essentially masses and radii. Some of the equations, for example,
have a strong dependence on the relative radii as they contribute
to the fifth power. For this reason, we have limited our dynami-
cal study using eclipse timings to those cases where the masses
and radii of the components are known with an accuracy bet-
ter than 3%. A list of well-detached eccentric eclipsing binaries
with good absolute dimensions was published by Torres et al.
(2010), and we have further added a number of systems from the
DEBCAT catalog of Southworth et al. (2015), which is updated
permanently. We have only considered systems with TESS mea-
surements of both primary and secondary eclipses, thus per-
mitting the determination of the timing difference. Due to the
expected amplitude of the apsidal motion variations, we also set
a lower limit to the orbital eccentricity at 0.01.

Our analysis is restricted to systems with an expected rel-
ativistic contribution below 60% of the total apsidal motion.
Those with a larger relativistic contribution were discussed in
Paper I and are less useful for the study of internal structure due
to the larger relative uncertainty of the observed classical term.
The systems analyzed in the present paper are listed in Table 1,

together with their main physical parameters and the correspond-
ing references, sorted by decreasing mass of the primary com-
ponent. In addition to orbital period, masses and radii of the
component stars, we also provide the effective temperatures and
the projected rotational velocities, necessary for the computation
of the apsidal motion rates, as described in Sect. 4.

The systems V380 Cyg (B1.1 III and B2.5/3 V), V636 Cen
(G0 V and G0 V) and CM Dra (M4.5 V and M4.5 V) are not
considered due to the difficulties found with standard theoretical
stellar models in reproducing their observed physical parame-
ters, namely their masses, radii and effective temperatures, inde-
pendently of the apsidal motion results. This is a requisite of
our methodology to obtain theoretical apsidal motion parame-
ters, as described in Sect. 4. Each of these systems has some
characteristics that push it beyond the boundaries of our stud-
ied parameter space: the evolved stage and the proximity to the
Roche limit of the primary component of V380 Cyg, the strong
chromospheric activity of V636 Cen, or the very low masses and
magnetic activity of CM Dra. Investigating these systems will
require detailed individual studies of the observational data and
model input physics, which is left for subsequent publications.
On the other hand, we have considered three systems that should
have been included in Paper I due to an expected relativistic con-
tribution above 60%, but did not have either sufficient TESS data
at the time of publication or a reliable apsidal motion determi-
nation. These systems are V1022 Cas, EW Ori, and BF Dra, and
they are included in Table 1 and discussed in Sect. 3.

For all systems in Table 1 we have analyzed the available
TESS photometric information retrieved from Sectors 1 to 34. To
compute the time of minimum light of the eclipses, we first nor-
malized the TESS light curves using the out-of-eclipse phases.
We selected well-sampled individual eclipses using the same
orbital phase interval for all primary and secondary eclipses, and
computed their time of minimum light employing the widely-
used Kwee & van Woerden (1956) method. We then computed
the corresponding difference between primary and secondary
eclipse timings, T2 − T1, expressed in days, and listed the result-
ing values in Table 2, which is available electronically. The table
gives the values of T2 − T1 determined from the individual tim-
ings, together with their separation in orbital cycles (dN), that
we have limited to ±1.

3. Determination of the apsidal motion rates

In Paper I we performed the determination of the apsidal motion
rate from the analysis of the time-variation of the difference
between primary and secondary eclipses, T2 − T1. This method
assumes independent knowledge of the orbital eccentricity and
that the variations in the timing differences can be represented
by a linear relationship with the slope corresponding to the time
derivative of the argument of periastron. This method is only
valid when considering a small fraction, typically less than 1%,
of the total apsidal motion period, U. Otherwise, the nonlinear
component of the T2 − T1 variations becomes relevant and the
analysis requires a different approach. When this is the case,
one can use the equations given by Giménez & Bastero (1995),
which are complete up to O(e5). Linearizing the variations per-
mits computing the argument of periastron, ω, corresponding to
each observed value of T2 − T1 with the adopted orbital eccen-
tricity and inclination, as derived from the light curve analysis.
This is based on the relation between the phase of the secondary
eclipse and the value of e cosω. Potential ambiguities in the
argument of periastron can be resolved with the value of e sinω
resulting from the light curve analysis. Using this approach, a
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Table 1. Astrophysical parameters.

System Ps (d) Mass (M�) Radius (R�) Teff (K) v sin i (km s−1) Ref.

EM Car 3.414281± 0.000005 22.83± 0.32 9.35± 0.17 34 000± 2000 150± 20 1
21.38± 0.33 8.35± 0.16 34 000± 2000 130± 15

Y Cyg 2.9963321± 0.0000003 17.73± 0.30 5.82± 0.06 33 500± 2000 147± 10 2
17.72± 0.35 5.79± 0.09 33 200± 2000 138± 10

V478 Cyg 2.880901± 0.000002 15.40± 0.38 7.26± 0.09 30 500± 1000 129.1± 3.6 3
15.02± 0.35 7.15± 0.09 30 500± 1000 127.0± 3.5

V578 Mon 2.4084822± 0.0000004 14.54± 0.08 5.41± 0.04 30 000± 500 117± 4 4
10.29± 0.06 4.29± 0.05 25 750± 450 94± 2

V453 Cyg 3.8898249± 0.0000016 13.96± 0.23 8.670± 0.055 28 800± 500 107.2± 2.8 5
11.10± 0.18 5.250± 0.056 27 700± 600 98.3± 3.7

CW Cep 2.7291428± 0.0000027 12.951± 0.052 5.520± 0.037 28 300± 460 105.2± 2.1 6
11.877± 0.049 5.090± 0.032 27 430± 430 96.2± 1.9

QX Car 4.4779760± 0.0000009 9.25± 0.12 4.290± 0.091 23 800± 500 120± 10 1
8.46± 0.12 4.050± 0.091 22 800± 500 110± 10

V539 Ara 3.1690854± 0.0000012 6.240± 0.066 4.516± 0.084 18 100± 500 75± 8 1
5.314± 0.060 3.428± 0.083 17 100± 500 48± 5

DI Her 10.5501696± 0.0000007 5.17± 0.11 2.681± 0.046 17 000± 800 108± 10 1
4.524± 0.066 2.478± 0.046 15 100± 700 119± 15

EP Cru 11.0774707± 0.0000043 5.02± 0.13 3.590± 0.035 15 700± 500 141± 5 7
4.83± 0.13 3.495± 0.034 15 400± 500 138± 5

V760 Sco 1.7309337± 0.0000080 4.969± 0.090 3.015± 0.066 16 900± 500 95± 10 1
4.609± 0.073 2.641± 0.053 16 300± 500 85± 10

MU Cas 9.652929± 0.000014 4.657± 0.095 4.195± 0.058 14 750± 800 22± 2 1
4.575± 0.088 3.670± 0.057 15 100± 800 21± 2

GG Lup 1.8495996± 0.0000015 4.106± 0.044 2.380± 0.025 14 750± 450 97± 8 1
2.504± 0.023 1.726± 0.019 11 000± 600 61± 5

ζ Phe 1.669774± 0.000026 3.908± 0.057 2.835± 0.019 14 400± 800 85± 8 16
2.536± 0.031 1.885± 0.011 12 000± 600 75± 8

IQ Per 1.7435699± 0.0000001 3.504± 0.054 2.445± 0.024 12 300± 230 68± 2 1
1.730± 0.025 1.499± 0.016 7700± 140 44± 2

PV Cas 1.7504698± 0.0000009 2.816± 0.050 2.301± 0.020 10 200± 250 67± 5 1
2.757± 0.054 2.257± 0.019 10 190± 250 66± 5

V364 Lac 7.3515458± 0.0000043 2.333± 0.014 3.309± 0.021 8250± 150 45± 1 1
2.295± 0.024 2.986± 0.020 8500± 150 15± 1

SW CMa 10.091978± 0.000005 2.239± 0.014 3.014± 0.020 8200± 150 24.0± 1.5 8
2.104± 0.018 2.495± 0.042 8100± 150 10.0± 1.0

PT Vel 1.8020075± 0.0000010 2.198± 0.016 2.094± 0.020 9250± 150 63± 2 9
1.626± 0.009 1.559± 0.020 7650± 150 40± 3

V1647 Sgr 3.2827992± 0.0000050 2.184± 0.037 1.832± 0.018 9600± 300 80± 5 1
1.967± 0.033 1.667± 0.017 9100± 300 70± 5

AI Hya 8.2896499± 0.0000012 2.140± 0.030 3.960± 0.040 6860± 200 40± 10 11
1.970± 0.030 2.810± 0.020 7290± 200 29± 10

VV Pyx 4.5961832± 0.0000050 2.097± 0.022 2.168± 0.020 9500± 200 23± 3 1
2.095± 0.019 2.168± 0.020 9500± 200 23± 3

EK Cep 4.4277960± 0.0000003 2.025± 0.023 1.580± 0.007 9000± 200 23± 2 1
1.122± 0.012 1.315± 0.006 5700± 200 10.5± 2.0

VV Crv 3.1445358± 0.0000097 1.978± 0.010 3.375± 0.010 6500± 200 81± 3 12
1.513± 0.008 1.650± 0.008 6640± 200 24± 2

IM Per 2.2542269± 0.0000002 1.7831± 0.0094 2.409± 0.018 7580± 150 57.5± 3.0 13
1.7741± 0.0097 2.366± 0.017 7570± 160 56.5± 3.0

BP Vul 1.9403466± 0.0000017 1.737± 0.015 1.852± 0.014 7715± 150 45.4± 0.9 1
1.4081± 0.0087 1.489± 0.013 6810± 150 40.5± 1.4

V1022 Cas 12.1561598± 0.0000008 1.6263± 0.0011 2.591± 0.026 6450± 120 10.9± 1.2 16
1.6086± 0.0012 2.472± 0.027 6590± 110 7.0± 1.3

PV Pup 1.660728± 0.000003 1.561± 0.011 1.543± 0.016 6920± 300 43± 4 1
1.550± 0.013 1.499± 0.016 6930± 300 43± 4

BF Dra 11.2110011± 0.0000020 1.414± 0.003 2.086± 0.012 6360± 150 10.5± 1.8 10
1.375± 0.003 1.922± 0.012 6400± 150 9.0± 1.8

V1143 Cyg 7.640735± 0.000004 1.361± 0.004 1.348± 0.016 6470± 100 19.6± 0.1 14
1.332± 0.004 1.322± 0.018 6470± 100 28.2± 0.1

IT Cas 3.896649± 0.000025 1.3315± 0.0093 1.594± 0.018 6470± 100 19± 2 1
1.3290± 0.0078 1.562± 0.040 6470± 100 17± 2

AI Phe 24.59215± 0.00002 1.2438± 0.0007 2.907± 0.013 5240± 150 6± 1 15
1.1941± 0.0007 1.841± 0.017 6310± 150 4± 1

EW Ori 6.9368442± 0.0000004 1.173± 0.011 1.168± 0.005 6070± 100 9.0± 0.7 17
1.123± 0.009 1.097± 0.005 5900± 100 8.8± 0.6

V530 Ori 6.1107784± 0.0000003 1.0038± 0.0066 0.980± 0.013 5890± 100 9± 1 18
0.5955± 0.0022 0.587± 0.007 3880± 120 5± 1

References. (1) Torres et al. (2010); (2) Harmanec et al. (2018); (3) Pavlovski et al. (2018); (4) Garcia et al. (2014); (5) Southworth et al. (2020);
(6) Lee et al. (2021); (7) Albrecht et al. (2013); (8) Torres et al. (2012); (9) Bakıs et al. (2008); (10) Lacy et al. (2012); (11) Lee et al. (2020);
(12) Fekel et al. (2013); (13) Lacy et al. (2015); (14) Lester et al. (2019); (15) Maxted et al. (2020); (16) Southworth (2020a); (17) Clausen et al.
(2010); (18) Torres et al. (2014).
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Table 2. T2 − T1 computed from TESS lightcurves.

System and T0 N T2 − T1 [d] dN

EM Car 0 1.723492 ± 0.000045 0
2458572.9908 1 1.723193 ± 0.000101 0

2 1.723907 ± 0.000082 0
4 1.724324 ± 0.000080 0
5 1.723740 ± 0.000054 0
6 1.724186 ± 0.000064 0
8 1.723906 ± 0.000098 0
9 1.723282 ± 0.000064 0

10 1.722915 ± 0.000061 0
12 1.724228 ± 0.000082 0
13 1.722725 ± 0.000064 0
14 1.724169 ± 0.000084 0

Y Cyg 0 1.743685 ± 0.000058 0
2458713.0054 1 1.743724 ± 0.000035 0

2 1.743574 ± 0.000034 −1
5 1.743077 ± 0.000032 0
6 1.742991 ± 0.000025 0
7 1.742894 ± 0.000027 −1

Notes. The BJD value below each system name defines the origin epoch
of the orbital cycle count (N). This table is presented in its entirety at
the CDS.

linear fit to the variation of ω with time yields the determina-
tion of the apsidal motion rate with no restriction in terms of the
coverage of the period, U.

In both approaches, the basic observational information is
the measurement of T2 − T1. We provide in Table 2 the full list
of the T2−T1 TESS values for all systems in Table 1, and we dis-
cuss each individual system in Appendix A. In Table 3 we sum-
marize the results of the apsidal motion determination where the
orbital eccentricity, e, and the apsidal motion rate, ω̇ expressed
in deg cycle−1, are provided. The anomalistic period, Pa, can be
easily computed from the sidereal period in Table 1, using the
relation Pa = Ps/(1 − ω̇obs/360). The letter code in the second
column denotes the adopted methodology: A for those based on
the linear variation of T2−T1, and B for those using the argument
of periastron, including the comparison of values derived from
the light curve analysis. In addition, we use L to denote values
adopted from the literature, generally with method B, or using
variable ω in the analysis of light curves spanning a long time
base. In this case, we checked that the adopted solutions pre-
dict values for the relative position of the secondary eclipse in
agreement with the new TESS measurements. Obviously, B and
L determinations correspond to faster apsidal motion rates and
A to slower ones, including those with a higher fractional contri-
bution of the relativistic term. Finally, those systems where the
presence of a third body has been proposed, either from the light
curve analysis or from the variations of the individual eclipse
timings, are marked with an asterisk.

Table 3 does not include all systems in Table 1 because some
were discarded due to various reasons. Firstly, let us note that
we defined a precision criterion to accept a system for further
analysis. We only kept systems with a relative precision better
than 25% in the classical term of the apsidal motion determina-
tion, for which we derive the internal stellar structure constants.
This corresponds to a maximum σlog k2 of 0.11, necessary for
a constraining comparison with theoretical models. After our
analysis, we found a small fraction of the eclipsing binaries in
Table 1 to yield no significant apsidal motion detections. For two

systems, BP Vul and AI Phe, we were not able to measure apsidal
motion in spite of the precise TESS observations. We encoun-
tered a similar situation with MU Cas and V1022 Cas, which
resulted in apsidal motion rate determinations having uncertain-
ties above our acceptance threshold because of the narrow time
span covered by precise timings. In the case of BF Dra, we found
disagreement between the different methodologies to determine
the apsidal motion and could thus be affected by large systematic
effects. Moreover, the potential presence of a perturbing third
body as well as the highly-evolved nature of the component stars,
close to the termination-age main-sequence, call for an individ-
ual study of this system, including the analysis of a new light
curve. Finally, EW Ori does not meet the relative precision limit
in the classical term because of the high relative GR contribu-
tion (∼80%). This system could have been included in Paper I
but we did not have an apsidal motion rate determination at the
time. However, we briefly discuss the comparison with GR and
the updated post-Newtonian parameters including this eclipsing
binary in Appendix A.

4. The theoretical stellar models

We use the Modules for Experiments in Stellar Astrophysics
package (MESA; Paxton et al. 2011, 2013, 2015) version r-
7385, and adopted the solar-calibrated value of the mixing length
parameter to be 1.84 (Torres et al. 2015). The equation relating
the temperature gradients was solved using the Henyey option,
and for the localization of the boundary of the convection zone
we adopted the Schwarzschild criterion. For the opacities we use
the mixture of Asplund et al. (2009), for which Z� = 0.0134.
These opacities were paired with a linear enrichment law given
by Yp = 0.249 (Planck Collaboration XIII 2016) and a slope
∆Y/∆Z = 1.67, where Yp is primordial helium mass fraction.
Microscopic diffusion was considered (see details below) for all
evolutionary tracks that were computed starting from the pre-
main sequence (PMS) stage. For each component of our sam-
ple of DLEBs we computed grids for the observed stellar mass
exploring ranges of values of the overshooting parameter fov (see
below), the mixing-length parameter αMLT, and the metallicity Z.
To find the solution providing the best fit to both stellar compo-
nents we adopted a χ2 statistic and considered fov and αMLT as
the optimization parameters. We also adopted the initial metal
abundance Z to be the same for the two components.

We calculate evolutionary tracks for the exact component
masses and other parameters. Thus, our methodology does not
involve computing grids for a wide variety of parameters and
avoids interpolation in masses, metallicities, mixing-length, or
core overshooting, which could lead to systematic effects. In our
calculations we allowed the optimized ages for both components
to differ by up to 5%, as long as the radii, effective temperatures
and masses were predicted to be within their respective obser-
vational error bars. This flexibility is justified by the expected
uncertainties in the input physics of the evolutionary tracks, for
instance, opacities, equations of state, mass loss, etc., and also
in the observational parameters. In some cases this procedure
was improved with some additional computations. Starting from
previously converged models, we increased the resolution in the
input physics (αMLT, fov and Z) to refine the fitting process.

A fraction of the systems in our sample have high-mass
components and therefore core overshooting can have a sig-
nificant effect in the computation of evolutionary model grids.
Convective core overshooting is related to the increase of the
stellar core beyond the boundary defined by the Schwarzschild
criterion. Stellar models computed taking into account this
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Table 3. Observed and theoretical apsidal motion rates.

System Method (∗∗) e ω̇theo ω̇obs log k2,theo log k2,obs

EM Car B 0.0120± 0.0005 0.090± 0.007 0.080± 0.002 −2.258± 0.026 −2.311± 0.030
Y Cyg L 0.14508± 0.00029 0.06244± 0.00031 0.06178± 0.00003 −1.943± 0.012 −1.948± 0.020
V478 Cyg L 0.0158± 0.0007 0.1062± 0.0086 0.1047± 0.0010 −2.239± 0.036 −2.245± 0.017
V578 Mon L 0.07755± 0.00026 0.0690± 0.0053 0.07089± 0.00021 −2.002± 0.037 −1.989± 0.013
V453 Cyg B 0.0250± 0.0014 0.0453± 0.0046 0.0431± 0.0015 −2.380± 0.050 −2.402± 0.019
CW Cep (∗) B 0.0305± 0.0009 0.0591± 0.0017 0.0583± 0.0004 −2.065± 0.011 −2.071± 0.010
QX Car L 0.278± 0.003 0.0132± 0.0011 0.01222± 0.00022 −2.112± 0.037 −2.149± 0.033
V539 Ara (∗) B 0.0530± 0.0010 0.0195± 0.0014 0.0196± 0.0006 −2.309± 0.012 −2.306± 0.034
DI Her A 0.489± 0.003 0.00046± 0.00009 0.00044± 0.00002 −2.135± 0.062 −2.157± 0.032
EP Cru A 0.1874± 0.0005 0.00229± 0.00011 0.00237± 0.00015 −2.350± 0.013 −2.331± 0.043
V760 Sco B 0.0265± 0.0010 0.0450± 0.0051 0.0434± 0.0005 −2.180± 0.046 −2.196± 0.032
GG Lup B 0.155± 0.005 0.0168± 0.0014 0.0173± 0.0003 −2.197± 0.040 −2.208± 0.023
ζ Phe (∗) B 0.0116± 0.0024 0.0326± 0.0019 0.0328± 0.0006 −2.287± 0.026 −2.284± 0.016
IQ Per B 0.0662± 0.0005 0.01526± 0.00088 0.0150± 0.0005 −2.303± 0.025 −2.311± 0.023
PV Cas B 0.0325± 0.0005 0.0224± 0.0012 0.0212± 0.0002 −2.379± 0.022 −2.404± 0.015
V364 Lac A 0.2873± 0.0014 0.00180± 0.00005 0.00181± 0.00006 −2.611± 0.015 −2.609± 0.021
SW CMa A 0.3180± 0.0005 0.00067± 0.00002 0.00069± 0.00005 −2.581± 0.015 −2.565± 0.067
PT Vel B 0.112± 0.003 0.01231± 0.00049 0.0125± 0.0006 −2.452± 0.012 −2.445± 0.031
V1647 Sgr (∗) B 0.4130± 0.0005 0.00543± 0.00036 0.00554± 0.00005 −2.384± 0.037 −2.373± 0.019
AI Hya B 0.234± 0.002 0.00177± 0.00015 0.00191± 0.00005 −2.682± 0.015 −2.642± 0.048
VV Pyx (∗) A 0.0956± 0.0009 0.00138± 0.00004 0.00132± 0.00005 −2.488± 0.010 −2.517± 0.031
EK Cep A 0.109± 0.003 0.00089± 0.00002 0.00088± 0.00004 −2.167± 0.014 −2.177± 0.041
VV Crv (∗) B 0.0852± 0.0010 0.01177± 0.00068 0.0109± 0.0012 −2.686± 0.031 −2.721± 0.031
IM Per (∗) B 0.0491± 0.0010 0.01520± 0.00050 0.0146± 0.0004 −2.615± 0.012 −2.633± 0.017
V1143 Cyg A 0.5386± 0.0012 0.00082± 0.00003 0.00080± 0.00004 −2.237± 0.035 −2.259± 0.045
IT Cas A 0.089± 0.002 0.00112± 0.00005 0.00114± 0.00010 −2.449± 0.014 −2.436± 0.067
V530 Ori A 0.0862± 0.0010 0.00081± 0.00006 0.00086± 0.00005 −0.796± 0.042 −0.763± 0.043

Notes. The values of ω̇ are expressed in deg cycle−1. (∗)Binary systems with a suggested third body. (∗∗)Adopted methodology to compute ω̇obs: A,
from linear variation of T2 − T1; B, from variations of the angle of periastron; L, adopted from the literature.

extra-mixing lead to longer main-sequence lifetimes and a
higher degree of mass concentration toward the center, with
direct impact on the comparison between theoretical and obser-
vational rates of apsidal motion. (Claret & Torres 2019, and ref-
erences therein) selected 50 well-measured detached DLEBs
to calibrate the dependency of fov on stellar mass. In such a
formulation, the extra-mixture is modeled as a diffusive pro-
cess (Freytag et al. 1996; Herwig et al. 1997) with a diffusion
coefficient at a radial distance r from the boundary given by
D(r) = Do exp(−2r/ fovHp), where Do is the coefficient inside
the boundary and Hp the pressure scale height. As a result of the
comparison between theoretical models and observational data
from these systems, it has been shown that fov increases sharply
up to a mass on the order of 2.0 M� and is practically constant
up to 4.43 M�, the upper limit in mass of the observational sam-
ple adopted by Claret & Torres (2019). There are also some evi-
dences of a dependence of core overshooting on stellar mass
from a theoretical point of view (see, for example, the appen-
dices in Claret & Torres 2017; Jermyn et al. 2018). Such kind
of calibrations can only be performed with highly evolved stars
where the effects of core overshooting are more evident. Unfor-
tunately, this is not the case in our observational sample with
only two systems with moderately evolved components (V453
Cyg and V478 Cyg). For all stars more massive than 10 M�, we
have extended the range of values of fov to be explored with our
search methodology.

In all our computations we have included microscopic diffu-
sion (8 elements: H1, He3, He4, C12, N14, O16, Ne20, and Mg24).

For those stars showing convective envelopes, we adopted the
standard mixing-length formalism (Böhm-Vitense 1958). For the
most massive stars in our sample, we have adopted the Vink et al.
(2001) formulation for mass loss assuming a multiplicative scale
factor η = 0.1 (not to be confused with η of the Radau equa-
tion; see below). On the other hand, rotational-mixing was not
included in the calculations. For a more complete description of
our modeling framework, see Claret & Torres (2019) and refer-
ences therein.

We also ran a consistency check of our model compar-
isons with observational data (masses, Teff , log g, Z) between
our adopted MESA models and those computed with the
GRANADA code (Claret 2004). This was done for a subsam-
ple of systems (DI Her, V1143 Cyg, V1647 Sgr, IQ Per, ζ Phe).
Convective core overshooting in the GRANADA code is treated
as a step-function, characterized by the parameter αov. A similar
check-up procedure was already carried out by Claret & Torres
(2016, 2017) for a larger sample of DLEBs. From this cross-
comparison the relationship αov/ fov ≈ 11.36± 0.22 was derived.
With this procedure we check the consistency between the log k2
computed with MESA and with the GRANADA codes. A very
good agreement has been found between the k2 computed with
the two codes.

To calculate the theoretical values of log k2 to be com-
pared with the corresponding empirically-determined values,
we applied the methodology described above to all systems
in Table 1. The theoretical internal structure constants were
computed for each component through the integration of the

A17, page 5 of 19



A&A 654, A17 (2021)

differential equations of Radau of order j, namely

a
dη j(a)

da
+

6ρ(a)
ρ(a)

(η j + 1) + η j(η j − 1) = j( j + 1), j = 2, 3, 4, (1)

where

η ≡
a
ε j

dε j

da
(2)

and a is the mean radius of the equipotential, ε j is a measure
of the deviation from sphericity (the tesseral harmonics), ρ(a) is
the mass density at the distance a from the center, and ρ(a) is
the mean mass density within an equipotential of radius a. The
boundary conditions are: η j(0) = j−2, and

( dη j

da

)
η=0

= −
3( j−1)

j+1
dD
da ,

where D = ρ/ρ.
The theoretical internal structure constant k j, for each com-

ponent j, is given by

k j =
j + 1 − η j(R)

2
(

j + η j(R)
) , (3)

where η j(R) are the values of η j at the surface of the star. Finally,
the theoretical value of k2 to be compared with observations is
given by the weighted average over the model predictions for the
two components:

k2,theo =
c21k21,theo + c22k22,theo

c2,1 + c2,2
· (4)

The parameters c2i, for the case of aligned rotation axes, are com-
puted following the equations,

c2i =

( Ωi

ΩK

)2 (
1 +

m3−i

mi

)
f (e) +

15 m3−i

mi
g(e)

 (Ri

A

)5

(5)

where A is the semi-major axis of the orbit, while f and g are
auxiliary functions of the orbital eccentricity given by

f (e) = (1 − e2)−2 (6)

and

g(e) =
(8 + 12e2 + e4) f (e)2.5

8
. (7)

Additionally, Ωi/ΩK is the ratio between the rotational angu-
lar velocity of component i and the average orbital angular
velocity, mi are the stellar masses, Ri are the stellar radii and
the eccentricity is denoted by the symbol e. As indicated by
Claret & Giménez (1993), the contribution of the terms kn (for
n > 2) are negligible in the present context.

On the other hand, using the quasi-spherical approximation,
Claret (1999) found that the influence of rotation on internal
structure depends on the distortion of the configuration follow-
ing the expression δ log k2 ≈ −0.87Λs + 0.004, where Λs =
2v2/(3gR), with v being the rotational velocity, g the local grav-
ity and R the stellar radius. Such correction was computed at
the surface of each star in our sample, using the observed rota-
tional velocities given in Table 1, and applied to the correspond-
ing theoretical models. We note that this correction does not take
into account the effects of rotational-mixing on the mass con-
centration. It is also important to point out some uncertainty in
relation to the observed rotational velocities regarding whether
or not they are representative of the stellar interior. Most of the

Fig. 1. HR diagram for AI Phe. The models were calculated adopting
Z = 0.011. The solid line indicates the primary component while the
dashed one represents the secondary.

systems in our observational sample are not very evolved, from
which it follows that the angular velocity gradients in their inte-
riors should not be high. This circumstance reduces the uncer-
tainties although it does not remove them completely.

The effects of stellar compressibility and dynamic tides
were also taken into account according to the computations
by Claret & Willems (2002). We could verify that in all sys-
tems in their Table 2, no significant effect is present except in
the most massive and close systems, EM Car and Y Cyg, for
which we have applied the calculated correction (2% and 1%,
respectively).

As an example of our procedure, we present in Fig. 1 the fit-
ting process in the case of AI Phe. The best input physics for
the corresponding models and for each component (subindices 1
and 2) is given by αMLT,1 = 2.00, αMLT,2 = 2.10 and fov1 = fov2 =
0. In Fig. 2 we show the resulting models in the log g vs. log age
diagram. The observational error bars are very small and were
shown in different color for the sake of clarity. This solution, as
explained above, is obtained on the basis of the minimum χ2 of
the model grid search and imply the log k2i values for the sys-
tem. In the case of AI Phe, we find log k2,1 = −1.58 ± 0.30 and
log k2,2 = −2.45±0.03. Although the masses of both components
are similar, the large difference between apsidal motion con-
stants is due to the advanced evolutionary stage of the system.
While the secondary is still in the main sequence, the primary
is much more evolved and is located in the giant branch, where
k2 varies very rapidly, and hence the large error bar. As we do
not yet have a reliable determination of the apsidal motion rate
for AI Phe, we have performed Monte Carlo simulations (see
Sect. 5.1 for more details), assuming that the two components
are aligned with the orbital spin (see Fig. 3). The asymmetry of
the simulations reflect the differences between the uncertainty in
log k2 for each of the components. The most probable value of
ω̇theo ≈ 2.24+1.12

−0.50×10−4 deg cycle−1, should be compared with the
observational value when available, but the slow predicted rate is
consistent with the lack of a measurable value (see Appendix A).
We have selected AI Phe to illustrate our methodology, in spite
of not having an observed value of the apsidal motion rate, as a
tribute to the late Prof. J. Andersen. This was one of his favorite
DLEBs, frequently used as a test case for stellar structure and
evolution.
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Fig. 2. log g and respective error bars as a function of time for AI Phe.
The two vertical lines indicate the time interval corresponding to the
individual ages for each component. The horizontal lines represent the
error bars in log g. Line coding as in Fig. 1.

Fig. 3. Monte Carlo simulations (106 realizations) for the theoretical
apsidal motion of AI Phe.

5. The apsidal motion test of stellar structure

The weighted values of the model-predicted log k2 given by
Eq. (4) are presented in Col. 6 of Table 3, together with the corre-
sponding predicted apsidal motion rates. The adopted methodol-
ogy ensures that both components have the same age (within the
previously mentioned 5% tolerance limit), and that the observed
masses, radii and effective temperatures, are reproduced by the
respective models within their errors.

The comparison of the theoretical ω̇ with the observed val-
ues is shown in Fig. 4. As can be seen, the agreement between
observed and predicted values is excellent. The only system with
marginal agreement, at the limit of the adopted uncertainties,
is EM Car, having the highest mass components of our sam-
ple. Such good agreement includes the cases where a third body
has been identified, as shown in the bottom panel of Fig. 4 (see
Sect. 5.2).

For the test of stellar models, we have to use the values of
k2. Their observational value is a function of ω̇ and the c2 j coef-
ficients given in Eq. (5):

k2,obs =
1

(c2,1 + c2,2)
ω̇Newt

360
. (8)

Fig. 4. Comparison between ω̇theo and ω̇obs. Top panel: a comparison
between the theoretical predictions and the observed values of the apsi-
dal motion rates for all systems in Table 2. Bottom panel: same compar-
ison but only for systems with a third body.

This refers only to the classical, or Newtonian, term. The total
observed apsidal motion rate in Table 3 contains the contribution
of this classical term plus a second additive term correspond-
ing to the relativistic or GR contribution. The GR term is inde-
pendent of the tidal/rotational distortions and can be computed
using the equation given by Levi-Civita (1937) and rewritten by
Giménez (1985) as a function of observable parameters. This
equation is, in degrees per cycle:

ω̇GR = 5.45 × 10−7
(m1 + m2

P

)2/3 1
(1 − e2)

, (9)

where the apsidal motion rate corresponding to the relativistic
term is expressed in degrees per cycle with masses in solar units
and the orbital period in days. The classical term in Eq. (8), used
to calculate the observed log k2, is then simply calculated as

ω̇Newt = ω̇obs − ω̇GR. (10)
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Fig. 5. Top panel: a comparison between the theoretical predictions and
the observed values of the apsidal motion constant log k2 for all systems
in Table 3. Bottom panel: the same comparison but without plotting the
low mass binary V530 Ori, which has a rather extreme value, so that the
bulk of the sample can be better visualized.

It should be noted that we have assumed the rotational axes of
both components to be aligned with the orbital spin in all cases
except DI Her, for which the expression by Shakura (1985) was
used together with the observed tilt angles by Albrecht et al.
(2009). This is further discussed in Sect. 5.1, together with the
suspected, albeit not corrected, cases of V1143 Cyg and EP Cru.
Furthermore, all systems for which a third body has been identi-
fied through eclipse timing variations or from the measurement
of third light are identified by an asterisk and included in Table 3
with no specific correction. They are shown in Fig. 4, at the bot-
tom, and are discussed in Sect. 5.2.

The resulting values of log k2 derived from the observed apsi-
dal motion rates are given in Table 3 and are compared with the
theoretical values in Fig. 5. The agreement is very good, with the
values of log k2, theoretical and observational, agreeing within

Fig. 6. Differences between log k2obs and log k2theo as a function of the
relative radius of the primary. The mean differential for systems with
r1 < 0.18 is δ log k2 = −0.002 ± 0.012 and for those with r1 > 0.18
is δ log k2 = −0.010 ± 0.008, but no significant trend is detected over a
constant model.

their uncertainties for all systems. In spite of the general good
agreement, a tendency for slightly more concentrated stars (for
instance, lower log k2) than predicted by the models seems to
be present around log k2 = −2.2, including EM Car. However,
we emphasize that all systems agree within the corresponding
uncertainties. This effect is not observed in the comparison of ω̇,
shown in Fig. 4, except for the case of EM Car. A detailed inspec-
tion of the observed minus computed values shows that it only
affects those binaries with large relative radii, above 0.18, and
with massive components, the most extreme case being indeed
EM Car (Fig. 6). The deviation might therefore be linked to
the observational values used for Eq. (5), given in Table 1. This
could be explained through multiple factors, and given that the
deviation is insignificant, we did not attempt to study it in further
detail in the present work.

5.1. Tilted rotational axes

When the rotational axes of the component stars are tilted
with respect to the orbital spin, Eq. (5) is no longer valid
(Company et al. 1988) and the alternative formulation given by
Shakura (1985) is needed. The total Newtonian term of the apsi-
dal motion rate is given by:

ω̇Newt = ω̇tidal,1 + ω̇tidal,2 + ω̇rot,1φ1 + ω̇rot,2φ2 , (11)

where,

ω̇tidal, j =

[
15m3− j

m j
k2 j g(e)

] (
R j

A

)5

, (12)

ω̇rot, j =

( Ω j

ΩK

)2 (
1 +

m3− j

m j

)
f (e) k2 j

 (R j

A

)5

, (13)

φ j = −
1

sin2 i

[
cosα j(cosα j − cos β j cos i)

]
−

1
2

[
(1 − 5 cos2 α j)

]
. (14)

The angle i is the inclination of the orbital plane, α j are the
angles between the rotation axes and the normal to the orbital
plane, and β j are the angles between the rotation axes and the
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Fig. 7. Monte Carlo simulations (106 realizations) for the apsidal motion
of DI Her. The two vertical lines indicate the observational error bars.

line of sight, while the angles λ j are the projection of the spin
axes and the orbital axis on the plane of the sky for star j. All
other parameters are the same as in Eq. (5). The angles α j and
β j cannot be directly measured although they are related by the
equation,

cosα j = cos β j cos i + sin β j sin i cos λ j, (15)

where the angles λ j can be directly measured using the Rossiter-
McLaughlin effect (Rossiter 1924; McLaughlin 1924).

The Monte Carlo simulations of apsidal motion rates were
performed from realizations of the masses, radii, k2, orbital
parameters and λ j angles considering Gaussian distributions for
the error bars. Also, we assumed that β j are distributed ran-
domly, for instance, Prob(β j)dβ j = sin β jdβ j. In other words,
cos β j has a uniform distribution. Finally, using Eq. (15), the val-
ues of cosα j can be determined. Angles β j implying equatorial
rotational velocities exceeding the breakup velocities were dis-
carded.

DI Her was puzzling for long time due to the flagrant
disagreement between observed and predicted apsidal motion
rates (Guinan & Maloney 1985; Claret 1998), but Albrecht et al.
(2009) confirmed, using the Rossiter-McLaughlin effect, that the
rotational axes of the components stars are actually tilted. The
authors measured the angles λ1 = +72◦ ± 4◦ and λ2 = −84◦ ± 8◦
for the primary and the secondary components, respectively.
Adopting the values of log k2 derived from the stellar mod-
els described in Sect. 4 (log k2,1 = −2.146 ± 0.050, log k2,2 =
−2.171 ± 0.050), the histogram in Fig. 7 is generated by simu-
lation of the angles not directly measured. The comparison with
the observed apsidal motion rate, confirms the solution of the old
discrepancy.

Two other eclipsing binaries in our sample, V1143 Cyg and
EP Cru, have been suspected of having tilted rotational axes.
For V1143 Cyg, Albrecht et al. (2007) observed that the axes of
both components are aligned with the orbital spin within uncer-
tainties. To check the effect in the apsidal motion computations
we have carried out Monte Carlo simulations for both cases,
aligned and misaligned, using their values of λ1 = 0.3◦ ± 1.5◦
and λ2 = −1.2◦ ± 1.6◦. The theoretical internal structure con-
stants derived from our models, namely log k2,1 = −2.19 ± 0.05
and log k2,2 = −2.29 ± 0.05, were used to generate the his-
tograms shown in Fig. 8. Both simulations yield very similar
results, as expected from the very small angles λ1,2 and their
uncertainties. Although the agreement with the observational

Fig. 8. Monte Carlo simulations (106 realizations) for the total apsidal
motion of V1143 Cyg. In the upper panel, we assumed misaligment
while in the bottom panel we simulate the case of alignment. The two
vertical lines indicate the observational error bars.

Fig. 9. Monte Carlo simulations (106 realizations) for the total apsidal
motion of EP Cru. In the upper panel, we assumed misalignment while
in the bottom panel we simulate the case of alignment. The two vertical
lines indicate the observational error bars.

value is marginally better in the case of misaligned axes, they
both agree within errors and we have adopted the aligned solu-
tion in Table 3.

We have also explored the effect of inclined rotation axes in
EP Cru, with direct measurement of the angles λ1 = −1.8◦±1.6◦
and |λ2| < 17◦ (Albrecht et al. 2013). For the simulation, we
adopted the internal structure constants derived from our mod-
els as log k2,1 = −2.351 ± 0.015 and log k2,2 = −2.348 ± 0.015,
corrected for a significant rotation-induced internal density con-
centration. The corresponding histograms, representing the total
predicted apsidal motion, are shown in Fig. 9 (upper panel: not
aligned; bottom: aligned). The solutions based on aligned rota-
tion axes show better agreement with the observed ω̇obs and we
have adopted such aligned configuration for Table 3.
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5.2. Systems with a third body

We have found that some systems with physically bound third
bodies actually perform well in the comparison between the
observed and predicted internal structure constants. To identify
possible dynamical effects in the observed values, we refer to
Fig. 4, with the comparison of observed and predicted apsidal
motion rates, where systems with a potentially perturbing third
body are denoted with a red symbol. The good agreement, within
the uncertainties, is evident and no systematic trend is detected.
In fact, slightly faster rates should have been observed, com-
pared to those predicted without considering their companions,
if an additional term to the total apsidal motion rates is notice-
able (see, for instance, Martynov 1973).

For some DLEBs in the sample, the properties of the third
body are quite well measured and have determinations of key
parameters such as the orbital period and the mass function.
This is the case of CW Cep (Wolf et al. 2006), V539 Ara
(Wolf & Zejda 2005) and ζ Phe (Zasche & Wolf 2007). For these
systems we calculated the additional term in the apsidal motion
rate using the approximation of Martynov (1973) for coplanar
orbits. The resulting corrections were found to be very small
compared with the total apsidal motion rate. In the case of V539
Ara, that shows the largest contribution, it is on the order of
1.5 × 10−6 deg cycle−1, totally undetectable with errors in the
observed rate of 0.6×10−3 deg cycle−1. Their impact thus should
be negligible, as observed.

5.3. Convective core overshooting

As a result of the grid search for the best models fitting the
observed properties of the component stars in our sample, we
also derive their values for fov. Unfortunately, our sample is
dominated by quite unevolved systems that do not provide strong
constraints to the core overshooting parameter. We tried, never-
theless, to check the consistency of the results with the semi-
empirical calibration obtained by Claret & Torres (2019) for
much more evolved binary systems.

We show in Fig. 10 the values of fov resulting from the com-
parison between the theoretical models and the observed phys-
ical parameters, together with the relationship between mass
and core overshooting obtained by Claret & Torres (2019). The
observed correlation is quite suggestive, especially when con-
sidering that most of our systems have components well within
the main sequence. We assume a conservative formal error for
fov of 0.005. The most massive stars in our sample cannot be
included in such a comparison because they are above the upper
limit considered by Claret & Torres (2019), ≈5 M�.

In order to extend the analysis of the variation of fov to
higher masses, we need DLEBs with accurate dimensions like
those in our sample but, unfortunately, most are quite unevolved
systems. At such early evolutionary stages it becomes diffi-
cult to distinguish the impact of different amounts core over-
shooting both on the physical parameters and also on log k2.
The only potential case may be the high-mass system V453
Cyg, whose moderately evolved stage could allow exploring the
effect of convective overshooting. Our methodology to model
the DLEB observables, described in Sect. 4 and applied to V453
Cyg, favored fov = 0.03, clearly above the highest value given
by Claret & Torres (2019) for less massive stars. Comparing
the corresponding apsidal motion rate with the observed value,
fov = 0.03 is also favored with respect to adopting 0.02. This
is illustrated in Fig. 11, which shows log k2 for models with dif-
ferent amounts of core overshooting ( fov = 0.02 – dashed line;

Fig. 10. Solid line: an approximate representation of the derived fov
as a function of stellar mass obtained by Claret & Torres (2019) while
symbols: values of fov resulting from the comparison between the the-
oretical models and the observed absolute dimensions performed in the
present study. The error bar displayed represents the typical uncertain-
ties for unevolved or mildly evolved stars. For the more massive stars,
beyond the calibration of fov by Claret & Torres (2019), we find an aver-
age of the best values from the same methodology to be around 0.025.
The only slightly evolved massive system is V453 Cyg, which is dis-
cussed in Sect. 5.3, and shows a better fit of the observed parameters
with fov = 0.03.

Fig. 11. log g−log k2 diagram for the primary of V453 Cyg and adopting
Z = 0.0134. The solid line indicates a model with fov = 0.03 while the
dashed one represents a model computed with fov = 0.02. The two
arrows indicate the observed value of log g. The resulting difference in
log k2,theo is ≈ − 0.01.

fov = 0.03 – solid line) for the most massive and evolved compo-
nent of V453 Cyg. We can see that the effect of core overshoot-
ing in log k2 is only noticeable beyond the middle of the main
sequence. At less evolved stages (including the PMS phase), the
differences in the model predictions when changing the over-
shooting parameter are well below the observational errors. The
differences though become easily observable as we consider evo-
lutionary stages approaching the giant branch phase.

The results for V453 Cyg seem to indicate that apsidal
motion can help to put constraints on the convective cover
overshooting parameter using suitable DLEBs with eccentric
orbits. This was already explored by Guinan et al. (2000) and
revisited by Claret (2003) using the evolved high-mass system
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V380 Cyg. The question of a dependence of core overshoot-
ing with mass using DLEB data has been discussed previously
without reaching conclusive results (Ribas et al. 2000b; Claret
2007; Tkachenko et al. 2020; Rosu et al. 2020). The tentative
increase of fov with stellar mass that we find in the present work
would imply a more pronounced dependence than the relation-
ship found by Claret & Torres (2019) for stars more massive than
≈5 M�. In the same sense, recent theoretical studies carried out
by Martinet et al. (2021) also find a need for larger convective
cores at higher masses (see also Scott et al. 2021). However, the
indications found are still not sufficiently well established. Fur-
ther detailed analyses of suitable massive DLEBs should pro-
vide the necessary observational evidence to establish a possible
overshooting-mass dependence in this interval of masses.

6. Conclusions

We have studied 34 DLEBs with eccentric orbits employing
TESS data that we use to determine eclipse timings. This
allowed us to determine the apsidal motion rates for 27 DLEBs
with sufficient precision to compare their internal structure con-
stants with those predicted by state-of-the-art theoretical mod-
els. The precision of the TESS eclipse timings, as well as the
expanded span of time covered when compared with archival
values, have allowed us to significantly improve previous apsi-
dal motion rate determinations and detect their presence in some
cases for the first time.

The sample was selected in such a way that the domi-
nant term in the apsidal motion is the classical, or Newtonian,
contribution. In Paper I we used a complementary sample to
demonstrate that the relativistic term calculated using GR shows
excellent agreement with the observations. Therefore, in the
present paper, where we study the internal structure of stars,
we subtracted out the relativistic term to the measured apsidal
motion rate to ultimately estimate empirical values for the inter-
nal concentration parameters of the component stars, namely
log k2. A comparison of our theoretical and observational results
reveals excellent agreement.

The case of EM Car deserves further attention. In spite of a
reasonable agreement between theory and observation, its high
mass indicates that some additional effects could be present,
including the relative proximity of the components to their
Roche limit. For more detailed conclusions, additional obser-
vations and improved physical parameters are needed. EM Car
could also help to eventually understand the small deviations, in
the same sense, observed in our comparison for massive stars
with large relative radii.

A rather unexpected result is the good agreement found for
systems with an identified third body. The impact of the com-
panion in the dynamical behavior of the close binary should
have been observed as systematic differences in the observed vs.
computed diagram. This is not the case, and probably indicates
that the companions are less massive than the components of
the close system, and/or orbit them at a large distance. For those
cases with good enough observational constraints on the proper-
ties of the third bodies, the negligible contribution of the gravi-
tational effects on the apsidal motion, assuming coplanar orbits,
was confirmed.

The systems in our sample are not especially suitable, owing
to their relatively unevolved nature, to provide constraints on the
best value of the convective core overshooting parameter, fov.
Nevertheless, the values resulting from our analysis are clearly
compatible with the relation found by Claret & Torres (2019).
The particular case of V453 Cyg, a high-mass system with

moderately evolved components, albeit still in the main
sequence, indicates a larger value of fov than that for lower-mass
stars. The analysis of a larger sample of massive DLEBs will
be needed to further constrain the increasing value of the over-
shooting parameter with mass, as suggested in the past in several
works.
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Appendix A: Apsidal motion studies

– EM Car
Andersen & Clausen (1989) made a complete study of EM
Car obtaining an eccentricity e = 0.0120 ± 0.0005 and an
apsidal motion rate ω̇ = 0.081 ± 0.010 deg/cycle. This value
has a relatively large error bar because of the unfavorable
configuration with ω ≈ 0 deg, which affects the use of a
linear fit to the differential timings. The light curve solution
by Andersen & Clausen (1989) yields an argument of peri-
astron of ω = 350 ± 5 deg, and the TESS measurements
give a phase for the secondary eclipse of 0.50484± 0.00010
which corresponds, adopting also e = 0.0120 ± 0.0005, to
a value of ω = 308 ± 2 deg. We used the TESS light curve
to exclude the other possible value with positive esinω. By
using the two ω determinations at different epochs we obtain
an apsidal motion rate ω̇ = 0.080 ± 0.002 deg/cycle, con-
sidering all uncertainties. This value is in excellent agree-
ment, but significantly more precise, than that given by
Andersen & Clausen (1989) thanks to the large time-span
increase, which is now covering nearly a complete apsi-
dal motion period. Furthermore, Mayer (2004) measured
T2 − T1 = 1.683 ± 0.003 days at HJD 2452280, between
the two light curve solutions. This is in excellent agreement
with the predicted value from our apsidal motion solution
T2 − T1 = 1.6828 ± 0.0005 days.

– Y Cyg
The physical parameters of Y Cyg were given in the compre-
hensive study of Harmanec et al. (2014), who analyzed light
curve changes with time, using a variable ω, and obtained an
orbital eccentricity e = 0.1451 ± 0.0003 together with a pre-
cise apsidal motion rate of ω̇ = 0.06178±0.00004 deg/cycle.
The authors also studied the changing position of the times
of eclipse, obtaining a less precise e = 0.1448 ± 0.0012,
using old photographic timings. An earlier study with the
same methodology but restricted to the best photoelectric
measurements was carried out by Holmgren et al. (1995),
determining e = 0.1458 ± 0.0007. Our TESS data, given
in Table 2, indicate a clear apsidal motion variation in the
observed T2 − T1, with a slope of −0.000138 ± 0.000009
d/cycle and a value of T2 − T1 = 1.74357 ± 0.00003 days
at BJD 2458718.9981. The apsidal motion rate cannot be
accurately determined using these data alone due to the very
narrow time interval, but a value of ω̇ = 0.062 ± 0.004,
with ω = 27.8 ± 0.3 deg, is obtained assuming 0.1451 for
the eccentricity. Nevertheless, it confirms the solution by
(Harmanec et al. 2014), based on the global analysis of all
photometric data with variable longitude of the periastron,
that we adopt for our discussion.

– V478 Cyg
The absolute dimensions of V478 Cyg were recently mea-
sured by Pavlovski et al. (2018) using their own radial veloc-
ity curves and a new analysis of the light curve of Sezer et al.
(1983). Unfortunately the light curve could not establish a
precise value of the orbital eccentricity and e = 0.021±0.005,
as derived from the radial velocity curve, was fixed for the
analysis. The analysis of the TESS light curve using the
Wilson-Devinney code (Wilson & Devinney 1971) resulted
in a best fit with e = 0.016. This is in agreement with the
apsidal motion variation produced by the eclipse timings pre-
sented by Wolf et al. (2006) yielding e = 0.0158±0.0007 and
ω̇ = 0.1047±0.0010 deg/cycle. TESS measurements give an
average T2 − T1 value of 1.4120 ± 0.0005 days, in excellent
agreement with the expected value, T2−T1 = 1.4122±0.0005

days, using the solution by Wolf et al. (2006). The com-
parison of our TESS data with the T2 − T1 extracted from
Table 1 of Wolf et al. (2006), with timings within less than
10 orbital cycles, confirms the apsidal motion rate determi-
nation by Wolf et al. (2006). However, using the larger and
less precise values of the eccentricity e = 0.019 ± 0.002 by
Mossakovskaya & Khaliullin (1996) or e = 0.021±0.005 by
Pavlovski et al. (2018) produces much poorer fits to the data
and predictions that are in contradiction with the TESS light
curve. We therefore adopted the solution given by Wolf et al.
(2006) for Table 3.

– V578 Mon
The most recent and complete determination of the physi-
cal parameters of V578 Mon was carried out by Garcia et al.
(2014) adopting an earlier apsidal motion determination
(Garcia et al. 2011) of ω̇ = 0.07089 ± 0.00021 deg/cycle
with e = 0.07755 ± 0.00026. Their global analysis of
the light curve variations with ω̇ as a free parameter over
one complete apsidal motion period allowed such precise
results. The TESS measurements of the T2 − T1 differences,
obtained in two epochs, yield a less precise determination
ω̇ = 0.0697 ± 0.0010 deg/cycle, assuming the eccentricity
of Garcia et al. (2011). The individual light curve solutions
in table 3 by Garcia et al. (2011) give an apsidal motion rate
ω̇ = 0.0718±0.0012 deg/cycle, and including the arguments
of periastron derived from the TESS T2 − T1 values, yield
a rate of ω̇ = 0.0701 ± 0.0006 deg/cycle. All values agree
within their uncertainties and we adopted for our discussion
ω̇ = 0.07089 ± 0.00021 deg/cycle, as derived from the light
curve analysis with variable omega.

– V453 Cyg
A detailed analysis of the TESS light curve of V453 Cyg
has been recently carried out by Southworth et al. (2020) in
their quest to use β Cep pulsations as a tracer of the phys-
ical processes that govern the evolution of massive stars.
The authors determined the orbital eccentricity to be e =
0.0250 ± 0.0014 with the argument of periastron at ω =
152.5 ± 5.1 deg, but did not analyze the apsidal motion vari-
ations. This was done in an earlier paper (Southworth et al.
2004) with less precise data, providing an apsidal motion rate
ω̇ = 0.0577 ± 0.0016 deg/cycle, with an orbital eccentric-
ity e = 0.022 ± 0.003. Nevertheless, this solution predicts
an argument of periastron at the time of the TESS observa-
tions that is not compatible with the TESS light curve ana-
lyzed by Southworth et al. (2020). We have used the TESS
measurements in Table 2, giving an average eclipse timing
difference T2 − T1 = 1.8896 ± 0.00015 days, and the tim-
ings by Wachmann (1973) and Cohen (1971), using only
photoelectric measurements separated by less than 10 orbital
cycles. We computed the corresponding arguments of perias-
tron, assuming e = 0.0250 ± 0.0014, and a linear fit yielded
ω̇ = 0.0431 ± 0.0015 deg/cycle, considering the uncertainty
of the eccentricity.

– CW Cep
The light curve of this eclipsing binary system has been
recently studied by Lee et al. (2021) using TESS measure-
ments. An eccentricity e = 0.0305 ± 0.0009, with an argu-
ment of periastron ω = 212.7 ± 3.2 deg were obtained from
the analysis. The authors do not discuss the apsidal motion
rate, well known from previous studies, but focus on the
analysis of the detected β Cep pulsations and confirm the
presence of a significant third light. The physical parame-
ters of the components are well determined using the radial
velocity amplitudes measured by Johnston et al. (2019). The
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apsidal motion of CW Cep was studied most recently by
Wolf et al. (2006), who clearly observed the effect of the
third body through the light-time effect, with a period of
P3 = 38.5 ± 1.5 years. After correction for the third-body
effect in the eclipse timings, the authors could determine
an orbital eccentricity e = 0.0297 ± 0.0005 and an apsidal
motion rate ω̇ = 0.0582 ± 0.0005 deg/cycle. With the
TESS measurements of T2 − T1 in different sectors, apsi-
dal motion is already evident and we determine a slope of
(2.8 ± 0.2) × 10−5 days/cycle over a time span of 70 orbital
cycles. We have added the T2 − T1 values retrieved from the
literature to compute the corresponding argument of perias-
tron with the orbital eccentricity given by Lee et al. (2021).
We have restricted eclipse timings to those obtained by
means of photoelectric measurements and considered pairs
within less than 10 orbital cycles. A weighted linear fit yields
ω̇ = 0.0583 ± 0.0004 deg/cycle, in excellent agreement with
previous determinations.

– QX Car
Precise absolute dimensions of QX Car were obtained by
Andersen et al. (1983). The authors also studied apsidal
motion, fixing the eccentricity to the result of the light curve
analysis, e = 0.278 ± 0.003, and obtained ω̇ = 0.01248 ±
0.00015 deg/cycle. A revised analysis by Giménez et al.
(1986), with the same adopted eccentricity, yielded ω̇ =
0.01222 ± 0.00022 deg/cycle considering more realistic
uncertainties. TESS measurements give an average value of
T2 − T1 = 1.4853 ± 0.0002 days. Adopting the eccentricity
by Andersen et al. (1983), this time difference yields an argu-
ment of periastron of ω = 163.1 ± 2.5 deg. The apsidal solu-
tion by Giménez et al. (1986) predicts a more precise value
of ω = 164.6± 0.8 deg at the time of the TESS observations,
in good agreement with the value obtained from the T2 − T1
measurements, and we have adopted it for our discussion.

– V539 Ara
Accurate physical parameters of this system were obtained
by Clausen (1996), who also detected apsidal motion with
ω̇ = 0.021 ± 0.002 deg/cycle but showing significant vari-
ations between different epochs that suggested the presence
of a perturbing third body. No third light was reported. The
light curve provided a value e = 0.053 ± 0.001. The anal-
ysis by Wolf et al. (2005) confirmed the presence of a third
body by means of the light-time effect, with a period P3 =
42.3±0.8 years. An apsidal motion rate ω̇ = 0.0193±0.0010
deg/cycle was obtained together with an orbital eccentricity
e = 0.0548 ± 0.0015. TESS data provide a value T2 − T1 =
1.4873±0.0005 days and, adopting the eccentricity given by
Clausen (1996), the argument of periastron comes out to be
ω = 204.9 ± 2.2 deg. When relating it with the result of the
light curve analysis in Clausen (1996), ω = 125.1± 1.0 deg,
an apsidal motion rate ω̇ = 0.0196±0.0006 deg/cycle can be
derived, in agreement with all previous results.

– DI Her
This system has historically played a key role as a paradig-
matic case for relativistic apsidal motion tests. Early apsidal
motion rate measurements showed a conspicuous and dis-
turbing disagreement with theoretical predictions. This was
resolved by the work of Albrecht et al. (2009), who found
a large misalignment of the spin axes of the component
stars from measuring the Rossiter-McLaughlin effect. The
most recent apsidal motion determination for DI Her, by
Claret et al. (2010), yielded a value ω̇ = 0.00042 ± 0.00012
deg/cycle, in good agreement with the predicted value when
the observed rotational axes misalignment is considered.

Precise values of T2 − T1 can be retrieved from the TESS
measurements, as given in Table 2. Using values from the lit-
erature, and restricting to photoelectric measurements only,
the increase of the observed separation in T2 − T1 gives
a slope of (9.3 ± 0.5) × 10−6 days/cycle using a weighted
least-squares minimization. Assuming an orbital eccentric-
ity e = 0.489 ± 0.003, as given by Torres et al. (2010),
the observed apsidal motion rate of DI Her is found to be
ω̇ = 0.000435 ± 0.000023 deg/cycle, in good agreement but
significantly more precise than previous studies.

– EP Cru
A first light curve of this eclipsing binary was obtained
by Clausen et al. (2007), while Albrecht et al. (2013) deter-
mined precise physical parameters with the aim of studying
circularization and synchronization timescales as well as a
possible misalignment of the rotational axes. With improved
absolute dimensions, Albrecht et al. (2013) could predict the
presence of apsidal motion but could not measure it. They
also pointed out the rotational velocities of the component
stars, much larger than their synchronized values. We have
used the precise value T2 − T1 = 6.8140 ± 0.0002 days
given by Clausen et al. (2007) and compared it with the
values obtained from the TESS measurements. A weighted
mean of the time differences in Table 2 yields T2 − T1 =
6.8255 ± 0.0005 some 1000 orbital cycles later. This is an
increase rate of (1.16 ± 0.05) × 10−5 days/cycle. Assuming
the orbital eccentricity given by Albrecht et al. (2013), e =
0.1874±0.0005, we obtain ω̇ = 0.00237±0.00015 deg/cycle,
which becomes the first detection of apsidal motion in EP
Cru.

– V760 Sco
This system was studied by Andersen et al. (1985), who
obtained precise physical parameters and measured an apsi-
dal motion ω̇ = 0.0430 ± 0.0017 deg/cycle with an orbital
eccentricity e = 0.0265 ± 0.0010. Wolf (2000) re-discussed
the apsidal motion parameters with new eclipse timings and
obtained ω̇ = 0.0443 ± 0.0004 deg/cycle, with e = 0.0270 ±
0.0005. Nevertheless, the new observations were not suffi-
ciently precise for an improved determination of the eccen-
tricity. From the TESS measurements, we obtain a value
T2 −T1 = 0.8925± 0.0005 days, which is in good agreement
with the predicted value by the solution of Andersen et al.
(1985) of T2 − T1 = 0.8919 ± 0.0025 days, but not with the
value predicted from Wolf (2000) of T2 − T1 = 0.8946 ±
0.0004 days. Considering all the possible T2 − T1 values
retrieved from Andersen et al. (1985), computed with indi-
vidual timings within less than 10 orbital cycles, and adopt-
ing their value of the eccentricity, we obtain the correspond-
ing arguments of periastron at different epochs. We adopted
for the argument of periastron corresponding to the TESS
value of T2 − T1, a negative value of e sinω. This conclu-
sion was achieved by fitting the light curve fixing the binary
parameters to those reported in Andersen et al. (1985). A
weighted linear least-squares fit yields an apsidal motion rate
of ω̇ = 0.0434±0.0005 deg/cycle, which includes the uncer-
tainty in the orbital eccentricity.

– MU Cas
A complete photometric and spectroscopic study of MU Cas
was carried out by Lacy et al. (2004). The system shows a
well-defined orbital eccentricity of e = 0.1930± 0.0003, and
the phase of the secondary eclipse is observed at 0.61914 ±
0.00015. The argument of periastron obtained from the light
curve analysis is ω = 13.4 ± 0.4 deg, but the small time
span of eclipses available did not allow the authors to claim
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the detection of apsidal motion. Moreover, the argument of
periastron close to 0 deg, which makes it difficult to observe
changes in timing differences, and, also, apsidal motion is
expected to be very slow given the observed relative radii.
The measurements of T2 − T1 from TESS give a phase of
the secondary eclipse of 0.61881 ± 0.00003, yielding an
poorly-significant determination of the apsidal motion rate
ω̇ = 0.0010 ± 0.0005 deg/cycle. To obtain this value we
adopted the orbital eccentricity from Lacy et al. (2004). The
alternative method, that is, using the measured times of
eclipse in Table 1 of Lacy et al. (2005) to calculate T2 − T1
differences, provides ω̇ = 0.0013 ± 0.0003 deg/cycle. The
alternative method of comparing the argument of periastron
in table 4 of Lacy et al. (2004) and that derived from TESS
phase of the secondary eclipse (ω = 14.00± 0.05 deg) yields
ω̇ = 0.0009 ± 0.0006 deg/cycle. The low statistical signifi-
cance of the measurement, although consistent using differ-
ent techniques, does not allow the use of MU Cas to test
internal stellar structure. We derive a log k2 value with a large
uncertainty of 0.14 when using the observed apsidal motion
rate and after subtracting the relativistic contribution.

– GG Lup
This system was studied by Andersen et al. (1993), who
obtained precise absolute dimensions as well as a good deter-
mination of the apsidal motion rate of ω̇ = 0.0181 ± 0.0006
deg/cycles and an orbital eccentricity e = 0.150 ± 0.005.
Wolf et al. (2005) revisited the apsidal motion determina-
tion and obtained results in good agreement with those
of Andersen et al. (1993), with an orbital eccentricity e =
0.1545 ± 0.0010. The most recent study by Budding et al.
(2015) confirmed the latter value of the eccentricity with
an apsidal motion rate ω̇ = 0.0172 ± 0.0003 deg/cycle.
TESS observations show the expected slow increase of the
eclipse timing differences over the short time span covered,
and yield an average value T2 − T1 = 0.7561 ± 0.0002
days. This is not compatible with predictions using the
eccentricity by Andersen et al. (1993). We have computed
the argument of periastron corresponding to the T2 − T1
values available from individual timings separated by less
than 10 orbital cycles and adopting an orbital eccentricity
e = 0.155 ± 0.005, as indicated by Wolf et al. (2005). A lin-
ear least-squares fit of the variation of ω with time yields
ω̇ = 0.0173 ± 0.0003 deg/cycle, in excellent agreement with
the study by Budding et al. (2015).

– ζ Phe
This bright eclipsing binary system has been the subject of
a recent study using TESS data by Southworth (2020a). The
early photometric analyses by Clausen & Grønbech (1976)
already showed a significant third light contribution and
the spectroscopic analysis by Andersen et al. (1983) allowed
accurate absolute parameters to be determined. Apsidal
motion was reported by Giménez et al. (1986) using the indi-
vidual eclipse timings available and obtained ω̇ = 0.0373 ±
0.0055 deg/cycle with an eccentricity e = 0.0113 given
by the photometric light curve analysis but not taking into
account light-time effects. Zasche & Wolf (2007) combined
astrometric measurements with light-time modeling to study
the orbit of the third body and derived an apsidal motion
rate of ω̇ = 0.028 ± 0.001 deg/cycle with an eccentricity of
e = 0.0107± 0.0020 for the close orbit as well as a period of
P3 = 221 years and an eccentricity of e = 0.366 for the wide
orbit of the outer third companion. The light curve analy-
sis of Southworth (2020a) provides precise absolute dimen-
sions for ζ Phe, and confirms the presence of third light. The

orbital eccentricity was found to be e = 0.0116 ± 0.0024,
in excellent agreement with previous studies. The argument
of periastron is ω = 307 ± 12 deg. The comparison of this
value with the light curve of Clausen & Grønbech (1976),
almost 10 000 cycles before, indicates an apsidal motion
rate of ω̇ = 0.031 ± 0.003 deg/cycle. Using the argument
of periastron computed from the T2 − T1 values retrieved
from Clausen & Grønbech (1976), and those from all the
TESS observations, using e = 0.0116 ± 0.0024, we derive
ω̇ = 0.0328 ± 0.0006 deg/cycle, which is in agreement with
but more precise than all the other results.

– IQ Per
This eccentric binary was studied by Lacy & Frueh (1985),
who provided absolute dimensions after the preliminary val-
ues by Hall et al. (1970) and derived an apsidal motion rate
of ω̇ = 0.012 ± 0.003 deg/cycle for an orbital eccentricity
e = 0.075 ± 0.006, derived from the radial velocity curve.
The apsidal motion rate was revised by Değirmenci (1997)
to ω̇ = 0.0141 ± 0.0008 deg/cycle, using an eccentricity
e = 0.076 ± 0.004, and by Wolf et al. (2006), obtaining
ω̇ = 0.0138 ± 0.0003 deg/cycle, using e = 0.0763 ± 0.0008.
TESS measurements yield a separation between primary and
secondary eclipses of T2 − T1 = 0.79827 ± 0.00011 days
that does not agree with the previously mentioned apsi-
dal motion solutions. Using the most recent determination,
by Wolf et al. (2006), the argument of periastron would be
ω = 178 ± 2 deg at the TESS epoch and the predicted
time separation is T2 − T1 = 0.78755 ± 0.00007 days, a
significant difference of 0.01072 ± 0.00012 days. To solve
this, we performed a fit of the high-precision TESS light
curve and obtained e = 0.0662 ± 0.0005 and ω = 182 ± 3
deg, with the physical parameters being in agreement with
those found by Lacy & Frueh (1985). Precise measurements
of the time of the secondary eclipse are difficult to obtain
and only a few are available in the literature. Adopting the
eccentricity derived from the TESS light curve analysis, we
calculated the argument of periastron corresponding to the
observed values of T2 − T1 in the literature, restricting to
photoelectric data and with primaries and secondaries within
10 orbital cycles. A linear fit yielded an apsidal motion rate
ω̇ = 0.0150 ± 0.0005 deg/cycle, which we adopted for
Table 3.

– PV Cas
Precise absolute dimensions of PV Cas are based on the stud-
ies by Popper (1987) and Barembaum & Etzel (1995). An
apsidal motion ω̇ = 0.0189 ± 0.0015 deg/cycle was mea-
sured by Giménez & Margrave (1982) assuming an eccen-
tricity value e = 0.0322 ± 0.0005. The most recent subse-
quent study by Švaříček et al. (2008) gives an apsidal motion
rate ω̇ = 0.01896 ± 0.00014 deg/cycle with an orbital eccen-
tricity e = 0.03248 ± 0.00014. The TESS timing data alone
indicate the presence of apsidal motion by comparing the
measurements of T2 − T1 in the two available sectors, sep-
arated by 110 orbital cycles. Adopting an eccentricity e =
0.032, the observed variation yields ω̇ = 0.019 ± 0.005
deg/cycle but with poor precision. The more precise apsidal
motion solution by Švaříček et al. (2008) predicts an argu-
ment of periastron of ω = 21.7 ± 0.6 deg at the time of
the TESS observations, equivalent to an eclipse separation
T2 − T1 = 0.9090 ± 0.0004 days, which differs from the
TESS measurements by 0.0036±0.0005 days. This disagree-
ment prompted us to reanalyze the apsidal motion determi-
nation on the basis of the observed T2 − T1 values using all
photoelectric data available in the literature, with individual
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timings separated by no more than 10 orbital cycles. Adopt-
ing an orbital eccentricity of e = 0.0325±0.0005 as given by
Švaříček et al. (2008) but with a larger, more realistic, uncer-
tainty, the corresponding argument of periastron is calculated
for each value of T2 − T1. The value of ω for TESS, close to
360 deg, was checked with an analysis of the full light curve.
A linear fit yielded ω̇ = 0.0212±0.0002 deg/cycle, which we
adopt for Table 3. Concerning the argument of periastron at
the time of the observations by Ibanoglu (1974), we did not
include the value of ω = 180± 8 deg from their light curve
analysis due to the uncertain determination of e sinω. Never-
theless, our solution predicts a value in excellent agreement
of ω = 175.8 ± 1.64 deg.

– V364 Lac
A detailed spectroscopic and photometric study of this A-
type eclipsing binary was performed by Torres et al. (1999).
The authors could detect the presence of apsidal motion in
V364 Lac at a rate of ω̇ = 0.00258±0.00033 deg/cycle from
the combined study of the radial velocity curve and eclipse
timings, with an orbital eccentricity e = 0.2873 ± 0.0014.
More recently, Bulut (2013) adopted the same value of the
eccentricity and obtained ω̇ = 0.00207 ± 0.00034 deg/cycle.
The TESS data indicate a position of the secondary eclipse
with respect to the primary of T2 − T1 = 3.73870 ± 0.00005
days, which yields an argument of periastron ω = 87.43 ±
0.02 deg when adopting the eccentricity of Torres et al.
(1999). Comparing with the value in table 3 of Torres et al.
(1999), an apsidal motion rate ω̇ = 0.00181 ± 0.00006
deg/cycle is derived, where the uncertainty in the eccentricity
is considered.

– SW CMa
Lacy (1997) first determined the absolute dimensions of this
relatively evolved DLEB and indicated the possible presence
of apsidal motion. Clausen et al. (2008) obtained a better-
covered light curve and measured a rate ω̇ = 0.00067 ±
0.00021 deg/cycle. Finally, Torres et al. (2012) reanalyzed
the light curve of Clausen et al. (2008), together with newly
obtained radial velocities, and obtained precise physical
parameters. SW CMa was observed by TESS in two sec-
tors separated by 60 orbital cycles. The variation in T2 − T1
over this time interval is too small to allow determining a
apsidal motion rate value. The average timing difference is
T2 − T1 = 3.1141 ± 0.0002 days. The apsidal motion param-
eters of Clausen et al. (2008) predict an argument of peri-
astron ω = 164.32 ± 0.30 deg while, adopting the eccen-
tricity from the same authors with an uncertainty ±0.0005,
the TESS T2 − T1 yields ω = 164.34 ± 0.30 deg. The
excellent agreement shows that the apsidal motion rate given
by Clausen et al. (2008) is accurate. However, the uncer-
tainty could be reduced thanks to the wider time span. A
comparison of the argument of periastron derived from the
TESS measurements with the light curve analyses by Lacy
(1997) and Clausen et al. (2008) does not allow to improve
the determination due to the very slow apsidal motion rate
and the proximity of ω to 180 deg. We analyzed the light
curve obtained by TESS and obtained a best-fitting e =
0.3180 ± 0.0005. A fit using the observed values of T2 − T1
with TESS, together with those provided by Clausen et al.
(2008), yields an apsidal motion rate ω̇ = 0.00069±0.00005
deg/cycle considering all the uncertainties involved, which
improves on the precision of the previous determination.

– PT Vel
Bakıs et al. (2008) studied this system and derived the phys-
ical properties of their components as well as the apsidal

motion rate. Together with the orbital eccentricity of e =
0.127 ± 0.006, the authors obtained ω̇ = 0.0099 ± 0.0003
deg/cycle. Nevertheless, these results are based on the light
curves obtained by the ground-based All-Sky Automated
Survey (ASAS) over a decade, with poor coverage of the
secondary eclipse. We have analyzed the TESS light curve
and obtained a much better fit with a lower eccentricity
e = 0.112±0.003, but with the same relative radii and orbital
inclination, thus with no change in the physical parameters.
Adopting the eccentricity derived from the TESS light curve,
the T2−T1 measurements already show the presence of apsi-
dal motion. To increase the time span, we have compared the
average eclipse time difference of the TESS measurements,
T2 − T1 = 1.00687 ± 0.00012 days, with the values obtained
from the ASAS survey given by Kim et al. (2018). A linear
fit to the corresponding values of ω yields an apsidal motion
rate of ω̇ = 0.0125 ± 0.0006 deg/cycle. The significant dif-
ference of the eccentricity, determined from the TESS light
curve or the ASAS analysis, that we could not reproduce,
remains unexplained.

– V1647 Sgr
The absolute dimensions of V1647 Sgr were obtained by
Andersen et al. (1985), who could also measure an apsidal
motion rate of ω̇ = 0.00546 ± 0.00006 deg/cycle with an
orbital eccentricity e = 0.4130 ± 0.0005. The authors also
confirmed that the visual companion of V1647 Sgr is physi-
cally bound. Wolf (2000) re-analyzed the apsidal motion and
obtained a rate ω̇ = 0.00609 ± 0.00012 deg/cycle with an
eccentricity e = 0.4142 ± 0.0011. The TESS data provide
an average position of the secondary eclipse with respect
to the primary of T2 − T1 = 1.0880 ± 0.0003 days. The
argument of periastron calculated for the TESS measure-
ments and those obtained from the individual timings in
table 4 of Andersen et al. (1985) show a well-defined vari-
ation of ω. A linear fit yields an apsidal motion rate of
ω̇ = 0.00554± 0.00005 deg/cycle, considering the value and
uncertainty in e from Andersen et al. (1985).

– AI Hya
First absolute dimensions for this system were published
by Popper & Guinan (1998) on the basis of their own
radial velocity curve and the well-covered light curve by
Joergensen & Gronbech (1978). An orbital eccentricity e =
0.230± 0.002 was derived from the light curve, and the exis-
tence of pulsations in the secondary component was reported
but no apsidal motion. AI Hya has recently been studied
by Lee et al. (2020), who analyzed the light curve observed
by TESS to characterize the δ Scuti-type pulsations. The
authors also analyzed the displacement of the argument of
periastron and derived a low-significance apsidal motion rate
using individual times of minimum of ω̇ = 0.0017 ± 0.0007
deg/cycle with an orbital eccentricity e = 0.241 ± 0.083.
The more precise value derived from their own light curve
analysis, e = 0.234 ± 0.002, was not used. We have com-
puted the T2 − T1 values corresponding to individual eclipse
timings within less than 10 orbital cycles from table 1 of
Lee et al. (2020), including the TESS measurements in our
Table 2, and determined the argument of periastron for each
of them, adopting e = 0.234 ± 0.002. A linear fit yields
ω̇ = 0.00191 ± 0.00005 deg/cycle.

– VV Pyx
This system has kept the name of VV Pyx in spite of its re-
naming as V596 Pup in the 78th name-list of variable stars
(Kazarovets et al. 2006). A detailed photometric and spec-
troscopic study of the system by Andersen & Vaz (1984)
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yielded precise absolute dimensions and an apsidal motion
rate ω̇ = 0.00142± 0.00045 deg/cycle was obtained with the
orbital eccentricity derived from the light curve analysis, e =
0.0956 ± 0.0009. A significant contribution from third light
was measured and attributed to the close visual companion
of the eclipsing binary but no effect in the measured apsi-
dal motion was measured. TESS data alone indicate a small
variation of the T2 − T1 values with time, corresponding to
an apsidal motion rate of ω̇ = 0.00138 ± 0.00012 deg/cycle.
Using also the two additional T2 − T1 values derived from
table 5 in Andersen & Vaz (1984), we obtained a final rate
ω̇ = 0.00132±0.00005 deg/cycle, using e = 0.0956±0.0009.

– EK Cep
Popper (1987) was the first to identify the pre-main sequence
nature of the secondary component in EK Cep. Radial veloc-
ities were measured by Tomkin (1983) and the light curve
was analyzed by Hill & Ebbighausen (1984). An orbital
eccentricity e = 0.109 ± 0.003 is derived from the radial
velocity curve and adopted for the photometric studies.
Giménez & Margrave (1985) obtained an apsidal motion rate
ω̇ = 0.00107 ± 0.00032 deg/cycle using eclipse timings.
TESS measurements provide a value T2 − T1 = 2.3988 ±
0.0002 days, and we have used all available values of T2−T1
from the literature with precision better than 0.001 days,
which are challenging because of the shallow secondary
eclipse. With these values, we obtained a slope of (−3.61 ±
0.08) × 10−6 days/cycle, from which an apsidal motion rate
of ω̇ = 0.00088 ± 0.00004 deg/cycle is derived, adopting
e = 0.109 ± 0.003.

– VV Crv
Fekel et al. (2013) studied this bright system combining
spectroscopic and photometric observations, and obtained
the physical parameters given in Table 1. Conspicuous third
light was observed, which complicated the light curve anal-
ysis. Moreover, the long duration and shallow depth of the
eclipses make their timing difficult, and no apsidal motion
had been reported. From the TESS measurements we obtain
an average eclipse difference T2 − T1 = 1.559 ± 0.004
days. The corresponding argument of periastron, adopting
an eccentricity e = 0.0852 ± 0.0010 given by Fekel et al.
(2013), is ω = 265.5 ± 1.5 deg with its uncertainty domi-
nated by that of the eclipse timings. Given the observed dis-
persion in the values of T2 − T1, we performed an analysis
of the TESS light curve with the same orbital eccentricity,
and obtained an argument of periastron ω = 266.5± 0.5 deg,
in agreement with the previous value but more precise. The
argument of periastron given by Fekel et al. (2013) in their
table 7, from the light and velocity curve combined analysis,
is ω = 257.7 ± 0.2 deg, thus indicating for the first time the
presence of apsidal motion in VV Crv. The change in omega,
from the light curve fits, after 807 orbital cycles, gives an
apsidal motion rate ω̇ = 0.0109 ± 0.0012 deg/cycle. This
result should be nevertheless considered preliminary due to
the observed dispersion in the eclipse timings, and difficul-
ties with the photometric analysis, due to the presence of
third light.

– IM Per
Absolute properties of IM Per were obtained by Lacy et al.
(2015) and revised recently by Lee et al. (2020) using the
TESS light curve. A simultaneous radial velocity and tim-
ing analysis carried out by Lacy et al. (2015) gave an apsi-
dal motion rate of ω̇ = 0.0147 ± 0.0008 deg/cycle, while
a value ω̇ = 0.0155 ± 0.0008 deg/cycle was obtained by
the same authors from fitting the light curve with variable

ω. In both cases, the orbital eccentricity was fixed to e =
0.047 ± 0.003. The TESS light curve solution by Lee et al.
(2020) gives a compatible but slightly larger value at e =
0.0491 ± 0.0010. Using all the T2 − T1 measurements avail-
able from table 1 of Lacy et al. (2015) plus the value from
TESS T2 − T1 = 1.09484 ± 0.00014 days, we calculated the
corresponding argument of periastron adopting this eccen-
tricity. A linear fit to the variation of ω with time then yields
ω̇ = 0.0146 ± 0.0004 deg/cycle. Considering only the tim-
ings used by Lacy et al. (2015), a rate of 0.0149± 0.0005
deg/cycle is obtained.

– BP Vul
Lacy et al. (2003) obtained precise absolute dimensions for
BP Vul, an eccentricity e = 0.0355 ± 0.0027, and the sec-
ondary eclipse at phase 0.47968± 0.00021. The authors also
analyzed the apsidal motion rate but was found to be nega-
tive and the potential presence of a perturbing third body was
argued to explain this anomaly, but the timespan covered was
too narrow for a conclusion. Csizmadia et al. (2009) revised
the situation with the analysis of an earlier, unpublished,
light curve showing a positive apsidal motion with a rate
of 1 deg/year but with only one new secondary eclipse tim-
ing. Moreover, their analysis of individual timings requires
a light-time effect that is not quantified. On the other hand,
TESS measurements give a phase for the secondary eclipse
of 0.47989±0.00010 days. Given that this value is not signif-
icantly different from the light curve by Lacy et al. (2003) no
claim of apsidal motion detection can be made at this time.

– V1022 Cas
A recent analysis of this eclipsing system by Southworth
(2020b), using TESS data, provides precise physical param-
eters in good agreement with those published by Lester et al.
(2019) on the basis of a combined astrometric and spec-
troscopic study. The lack of precise eclipse timings and
the small time separation with respect to the TESS mea-
surements makes the detection of apsidal motion very diffi-
cult. We have used the spectroscopic solution of Lester et al.
(2019), e and ω, in their table 4 to obtain the position of
the secondary eclipse at phase 0.66565 ± 0.00009. Compar-
ing this value with the TESS measurements from the light
curve solution by Southworth (2020b), 452 orbital cycles
later, gives a phase displacement of −0.00026 ± 0.00011,
equivalent to an apsidal motion rate ω̇ = 0.00032 ± 0.00015
deg/cycle. When subtracting the relativistic term, the classi-
cal term comes out to be ω̇ = 0.00007 ± 0.00015 deg/cycle,
which cannot be used in the present paper.

– PV Pup
Despite the presence of intrinsic variability of unknown ori-
gin, the light curve obtained by Vaz & Andersen (1984) pro-
vides well-defined photometric elements, and their combina-
tion with radial velocity measurements yield precise physi-
cal properties of the component stars. The orbital eccentric-
ity was found to be e = 0.0503 ± 0.0011 but no apsidal
motion was reported. PV Pup belongs to the stellar system
ADS 6348 but is most probably an optical pair. TESS mea-
surements of the separation between primary and secondary
eclipses present a large dispersion, higher than the individ-
ual errors, probably due to the observed intrinsic variability.
The average values of T2 − T1 for two sectors, separated by
445 orbital cycles, allowed us to calculate the correspond-
ing argument of periastron with the eccentricity given by
Vaz & Andersen (1984), and thus estimate an apsidal motion
rate of ω̇ = 0.0087±0.0010 deg/cycle. Given the noise in the
eclipse timings, also noticed by Vaz & Andersen (1984), we
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tried to analyze the light curve of TESS with e = 0.0503.
A significant fraction of third light was observed and the
intrinsic variability did not allow to achieve a reasonable
fit. Leaving only ω as a free parameter, the best fit indi-
cated, when compared with the value of the light curve anal-
ysis by Vaz & Andersen (1984), an apsidal motion rate of
ω̇ = 0.0072 ± 0.0005 deg/cycle. Therefore, the preliminary
result with only the TESS timings cannot be confirmed and
we call for further monitoring of PV Pup before establishing
its apsidal motion rate.

– BF Dra
Apsidal motion was determined by Wolf et al. (2010) to be
ω̇ = 0.00056± 0.00008 deg/cycle but leaving free the eccen-
tricity to converge to e = 0.3898 despite the poor coverage
of the apsidal motion variations. Masses and radii for the
components of BF Dra were obtained by Lacy et al. (2012),
who also analyzed the apsidal motion by fitting the individ-
ual eclipse timings and obtained ω̇ = 0.00049 ± 0.00008
deg/cycle with an eccentricity e = 0.3865 ± 0.0005. BF
Dra was observed in 12 TESS sectors, spanning a total of
352 days, and the large number of precise values of T2 − T1
allowed us to determine its apsidal motion rate independently
of any previous measurement. A linear fit to the TESS val-
ues of T2 − T1 in Table 2 yields a slope of the variation of
(−2.19 ± 0.14) × 10−6 days/cycle. Adopting the eccentricity
obtained by Lacy et al. (2012), this gives an apsidal motion
of ω̇ = 0.00042 ± 0.00003 deg/cycle. Because of the differ-
ence with previous results, we calculated separately the lin-
ear periods for primary and secondary eclipses and obtained
a difference ∆P = (−2.26± 0.04)× 10−5 days/cycle, but with
systematics present in the residuals of both primary and sec-
ondary TESS timings. We interpret these as potentially due
to the light travel-time effect induced by a third body orbiting
the system. Lacy et al. (2012) did indeed identify the pres-
ence of third light in the light curve of BF Dra. The effect of
a third body, however, should not hamper the apsidal motion
determination using the T2 − T1 values. From the archival
times of minimum we could retrieve five precise T2 − T1
measurements, considering only individual eclipse timings
within 10 orbital cycles. When adding these to the TESS
T2−T1 measurements the slope becomes (−2.35±0.05)×10−5

days/cycle and ω̇ = 0.00045±0.00002 deg/cycle, compatible
with the values resulting from the TESS measurements alone
and from Lacy et al. (2012). We detected some remaining
systematic residuals in the TESS observations that remain
unexplained. An alternative determination method is the use
of the value of ω from the light curve analysis, rather than
the times of eclipse. Comparing the argument of periastron
given by Lacy et al. (2012) in their table 7 with that com-
puted from the average TESS T2 − T1 measurements, 430
orbital cycles later, a small but significant increase in ω of
0.16±0.03 deg is observed. This yields an apsidal motion rate
of ω̇ = 0.00037 ± 0.00007 deg/cycle, which is in marginal
agreement with the value described before. More observa-
tions are needed to obtain a definitive apsidal motion rate as
well as analyzing the impact of the third body. In any case,
the large fractional relativistic term (68%) of BF Dra implies
a classical term with an uncertainty of ∼30% thus rendering
this system unsuitable for the comparison with theoretical
stellar models.

– V1143 Cyg
Andersen et al. (1987) obtained absolute dimensions for
V1143 Cyg, which were more recently revised by
Lester et al. (2019) with new observations. Apsidal motion

has been studied by Khaliullin (1983), Giménez & Margrave
(1985), Burns et al. (1996), Dariush et al. (2005) and, finally,
by Wolf et al. (2010). The latter authors gave ω̇ = 0.00072±
0.00008 deg/cycle with an eccentricity e = 0.535 ± 0.004.
A fit to the TESS timing data alone yields a faster rate at
ω̇ = 0.00088 ± 0.00005 deg/cycle. A wider time span can
be obtained by using the individual timings from Wolf et al.
(2010), with their original errors when available or other-
wise adopting an uncertainty of ±0.005 days, that we judged
realistic. The residuals of the fit to all timing differences
show a significantly larger dispersion than the uncertainties
of the archival measurements, suggesting an underestimation
of the errors. However, we assumed that they are globally
unbiased and obtained a slope of the T2 − T1 variation of
(2.4±0.1)×10−5 days/cycle. Adopting the orbital eccentricity
given by Lester et al. (2019), e = 0.5386±0.0004, we obtain
an apsidal motion for V1143 Cyg of ω̇ = 0.00080 ± 0.00004
deg/cycle.

– IT Cas
Precise physical properties of the components of IT Cas were
obtained by Lacy (1997). From their light and radial veloc-
ity curves the authors obtained an orbital eccentricity e =
0.085±0.004 and a longitude of periastron ofω = 332.6±1.4
deg, but apsidal motion could not be determined due to the
short time span covered with photoelectric measurements.
Moreover, the same authors obtained different values of the
eccentricity from the radial velocity, the light curve and the
ephemeris solution. Kozyreva & Zakharov (2001) used their
own measurements together with those by Lacy (1997) to
obtain e = 0.089 ± 0.002 with an apsidal motion rate ω̇ =
0.0012 ± 0.0003 deg/cycle, comparing the values of ω from
the different light curve solutions. TESS timings confirm
the values of Kozyreva & Zakharov (2001). We have com-
bined the TESS eclipse timing differences with those derived
from the most precise individual timings listed in table 1 of
Kozyreva & Zakharov (2001), only photoelectric and within
10 orbital cycles. The fit provides a slope of (2.01 ± 0.05) ×
10−6 days/cycle. Adopting e = 0.089± 0.002, yields an apsi-
dal motion rate ω̇ = 0.00114 ± 0.00010 deg/cycle.

– AI Phe
The light curve obtained by Hrivnak & Milone (1984) was
analyzed by Andersen et al. (1988) together with their own
radial velocity curve. Maxted et al. (2020) analyzed the
light curve provided by TESS and improved the physi-
cal parameters using the radial velocity measurements by
Hełminiak et al. (2009). TESS measurements indicate a pre-
cise position of the secondary eclipse at phase 0.457865 ±
0.000005 and an argument of periastron ω = 110.34 ± 0.11
deg. Unfortunately, accurate eclipse timings are difficult to
obtain due to the long orbital period and the duration of the
eclipses. Kirkby-Kent et al. (2016) showed significant vari-
ations in the sidereal period, probably due to the presence
of a third body, and determined the phase of the secondary
eclipse at 0.4584 ± 0.0015, which does not differ signifi-
cantly from the TESS measurement. On the other hand, the
light curve solution by Andersen et al. (1988) gives a value
of ω = 109.6 ± 1.0 deg, which is again very similar to the
value from the TESS light curve. More eclipse timings are
certainly needed, as well as a complete dynamical study to
evaluate the impact of the potential third body in the mea-
surement of apsidal motion.

– EW Ori
This DLEB was analyzed by Clausen et al. (2010), who
obtained the physical parameters of its components and
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estimated an apsidal motion rate ω̇ = 0.00042 ± 0.00010
deg/cycle with an orbital eccentricity e = 0.0758 ± 0.0020
derived from the light curve. We obtained precise T2 − T1
values from the TESS light curve. In addition, we retrieved
four T2 − T1 values from the literature (Wolf et al. 1997;
Clausen et al. 2010) from the evaluation of the secondary
phase displacement and using only precise individual tim-
ings separated by less than 10 orbital cycles. A linear fit to
the T2 − T1 variation with time yields a slope of (1.48 ±
0.11)×10−6 days/cycle. Taking the orbital eccentricity given
by Clausen et al. (2010) produces an apsidal motion rate of
ω̇ = 0.00033 ± 0.00002 deg/cycle. Unfortunately, this sys-
tem cannot be used to compare with stellar structure models.
EW Orís highly relativistic periastron precession is dominant
(79%) and the determination of the classical term carries an
uncertainty that is above our threshold. However, this sys-
tem could be added to our sample in paper I. Following the
methodology there, we determine ω̇GR = 0.00026 ± 0.00002
deg/cycle after subtracting the classical term calculated from
the models, as described in section 4. It can be shown that
the measured relativistic rate is in very good agreement with

the other systems plotted in figures 10 and 11 of paper I. A
recalculation of the corresponding post-Newtonian parame-
ters, now including EW Ori, yields A = 1.000 ± 0.011 and
B = 0.000 ± 0.051.

– V530 Ori
A complete analysis of this G+M system was car-
ried out by Torres et al. (2014), who provided the phys-
ical parameters of its components. The shallow total
secondary eclipse makes it difficult to study variations in
phase. Torres et al. (2014) determined the orbital eccentric-
ity to be e = 0.0862 ± 0.0010 with ω = 130.08 ± 0.14 deg.
Apsidal motion was detected by the authors but could not
be determined with sufficient significance. From their table
1, only two precise T2 − T1 values could be retrieved with
individual timings within 10 orbital cycles. Using those with
the new TESS data, we determine an apsidal motion rate
ω̇ = 0.00086± 0.00005 deg/cycle, with the orbital eccentric-
ity of e = 0.0862 ± 0.0010. Nevertheless, additional obser-
vations are needed to confirm the apsidal motion rate, given
the short span of time available and the difficulty to obtain
precise timings.
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