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ABSTRACT

Aims. The recent revision of a sample of 94 double-lined eclipsing binaries with accurate absolute dimensions provides a set of 18 sys-
tems with eccentric orbits that are precise enough to carry out an updated apsidal motion test of stellar structure. The availability of
these new high-quality observational data, together with improved stellar models, that include the latest opacities, stellar compress-
ibility, resonances, and rotation, has triggered the comparison presented in this paper between theoretical and observed apsidal motion
rates.
Methods. The applicability of the adopted stellar models to the sample of eclipsing binaries with accurate absolute dimensions and
eccentric orbits was checked with two classical tests of the good agreement between the predicted and observed effective temperatures
of the component stars and a fit to a common isochrone of their position in the H-R diagram. For this comparison, stellar models were
computed for the observed individual masses and incorporated the most recent input physics available, including the effects of rotation
and convective core overshooting.
Results. The final comparison of the theoretical and observed weighted internal-structure constants k2 shows good agreement and no
systematic effects. Observational evidence does not show more massive cores than predicted by the models as has been suggested,
and this result is independent of the evolutionary status.
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1. Introduction

For quite a while apsidal motions in eclipsing binary systems
have been used to test the internal structure of the stars (see
e.g. Giménez 2007, for a summary of the history of such stud-
ies). The Newtonian contribution to the observed apsidal mo-
tion, which contains the internal structure parameter, is highly
dependent on the stellar radii (R5). Therefore, only systems that
accurately determine their absolute dimensions can be used to
test the models. In order to check the capability of the adopted
evolutionary models to reproduce the observed apsidal motion
rates, we first make certain that they can fit the masses, radii,
and effective temperatures of both components at the same age
in the H-R diagram. This constraint has not always been fulfilled
satisfactorily, at least at the required level of precision, and has
been indicated as the most probable source of the earlier claimed
discrepancies between theory and observations. These discrep-
ancies have suggested that the models were less concentrated in
mass toward their centre than the real stars (see e.g. Claret &
Giménez 1993, for a review of the problem). Claret & Giménez
(1993) introduced stellar rotation and core overshooting in their
theoretical models and, for the first time, no significant discrep-
ancy was detected when considering binary systems with a good
determination of their absolute dimensions. The present paper
provides a revision of such a comparison using only data with
masses and radii determined with precisions better than 2%,
thus significantly improving the reliability of the test. For con-
sistency, the latest stellar models with the capability to compute
internal structure constants were used in the comparison as de-
scribed below.

In addition to the classical contribution to the apsidal mo-
tion rate due to static tides, dynamic tides can cause significant
deviations in the theoretical predictions due to the effects of the
compressibility of the stellar fluid when the systems are near
synchronism. For higher rotational angular velocities, additional
deviations due to resonances appear when the forcing frequen-
cies of the dynamic tides come into the range of the free oscil-
lation modes of the component stars. Claret & Willems (2002)
introduced such effects in the theoretical calculation of the
apsidal-motion rates. Besides the contributions of tidal and ro-
tational distortions to the rate of secular apsidal motion, there
is also a general relativistic contribution (Levi-Civita 1937) that
can be important for binaries with high orbital eccentricities and
small relative radii as shown by Giménez (1985).

Very recently, Torres et al. (2010) have revised the abso-
lute dimensions of 94 double-lined eclipsing binaries systems
(DLEBS). Eighteen of them have eccentric orbits and show
apsidal motion with period determinations adequate for a de-
tailed apsidal-motion test of stellar structure. The availability of
this new data sample, together with the latest improvements in
the stellar models with respect to earlier studies (including the
opacities, stellar compressibility, resonances, and rotation) led
us to the analysis in this paper, following the preliminary indi-
cations already given by Torres et al. (2010), with the aim of
a global comparison between predicted and observed apsidal-
motion rates. To reduce internal errors, we carried out such a
revision, which updates the earlier paper by Claret & Giménez
(1993), using stellar models computed precisely for the observed
individual masses, rather than interpolating within a grid for an
adopted initial chemical composition, as in our previous paper.
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2. The observational data

Table 1 shows the more relevant astrophysical parameters con-
cerning apsidal motion for the 18 systems with good absolute
dimensions and apsidal-motion rates. As mentioned in Claret
& Willems (2002), “searching for appropriate systems is not
only a bibliographical survey since it is sometimes hard to sep-
arate true good quality data from those presenting only appar-
ent small errors”. Fortunately, the orbital elements and the ab-
solute dimensions of the systems displayed in Table 1 were
all re-analysed (using homogeneous methodology) by Torres
et al. (2010). Therefore, they are sometimes slightly refined if
compared with the original sources. The covered mass range is
0.8–23 M�, and the mean error in radius is around 1−2%, which
we can consider precise enough for our purpose. The systems
with high relativistic contributions were excluded from our com-
parison of the log k2 values, because the Newtonian contribution
in these cases is comparable to the uncertainty of the apsidal-
motion rate, and no significant conclusions can be drawn when
compared with the predictions derived from the stellar models.
For the sake of clarity, we have not included the rotational ve-
locities in Table 1. Such information can be obtained from the
paper of Torres et al. (2010).

3. The stellar models

Stellar models were generated using the Granada evolutionary
code by Claret (2004). We refer the readers to this paper to iden-
tify the main differences between such a code and those previ-
ously used by Claret & Giménez (1993) and Claret & Willems
(2002). Since no system in our sample is a fast rotator, standard
models are an acceptable approximation. We do not consider
rotation directly in our models and the corrections by rotation
on the internal structure constant k2 are computed as indicated
by Claret (1999). This is the same approach as was adopted in
Claret & Giménez (1993). In addition, the component stars are
all well detached and evolutionary models of single stars suit
our needs rather than current binary models. For systems show-
ing a convective core we considered core overshooting described
as an extra mixing beyond the classical Schwarzchild criterion.
This extra mixing produces stellar models with longer main-
sequence lifetimes because more fuel is available in the core.
Other mechanisms may also increase the core size, as for exam-
ple internal gravity waves or rotation. For the excess distance,
we use dover = αovH, where Hp is the pressure scale height taken
at the edge of the convective core as given by Schwarzschild’s
criterion, and αov is a free parameter. Core overshooting was
key in decreasing the discrepancies between the theoretical and
observed apsidal-motion rates in previous studies (see for ex-
ample, Claret & Giménez 1991, 1993). The dependence of αov
on stellar mass was considered following the results by Claret
(2007). Selected double-line eclipsing binary systems, strate-
gically positioned in the HR diagram, were used to infer the
mass dependence of the core overshooting parameter. One of
the main conclusions by Claret (2007) is that core overshoot-
ing (or equivalently other mechanisms such as induced mixing
by rotation) seems to be necessary to match the absolute dimen-
sions of key double-lined eclipsing binaries as well as the colour-
magnitude diagrams of some clusters. For models with convec-
tive envelopes, we adopted the mixing-length theory to describe
them with α = 1.68, as calibrated using the Sun.

All the models were computed by adopting the primordial
helium content derived by Claret & Willems (2002), Yp =
0.238 ± 0.011, with a mean enrichment law of ΔY/ΔZ ≈ 2.0

using the value of Z that best fits the observed effective tem-
peratures, except in the case of V636 Cen for which the actual
observed Z was assumed. Concerning opacities, for high tem-
peratures the code uses the set of tables provided by Iglesias &
Rogers (1996), completed with the computations by Alexander
& Ferguson (1994) for lower temperatures. Individual models
for the precise observed masses were computed so that no inter-
polation was necessary in mass.

Mass loss was considered during the main-sequence and for
red giants. Given the evolutionary status and the masses of the
our sample of DLEBS, the formalism by Nieuwenhuijzen &
de Jager (1990) was considered for all models except for the
Wolf-Rayet stage (Nugis & Lamers et al. 2000) or for red gi-
ants with masses lower than 4 M� (Reimers 1977). On the other
hand, concerning opacities, we have performed preliminary tests
adopting the more recent Alexander opacities and the differences
are not significant with respect to the comparison with absolute
dimensions and internal structure constant k2. Therefore, they do
not affect our main comparison and conclusions. The nuclear in-
put data was also revised with respect to the evolutionary code
used by Claret & Giménez (1993), which only treated the basic
nuclear reactions. Instead, a more general network was intro-
duced for more advanced stages of evolution (47 isotopes). As
such a subroutine is very time-consuming, we adopted a less ex-
tensive network that follows the evolution of 13 isotopes: 1H,
4He, 12C, 13C, 14N, 16O, 17O, 18O, 20Ne, 22Ne, 24Mg, 25Mg,
and 26Mg. Recent measurements of the nuclear reaction 14N(p,
γ)15O (Runkle 2003; Formicola et al. 2004) were also incorpo-
rated into the code. Summarizing, the main differences between
the present models and those in our 1993 paper are: new opacity
tables, a more extensive nuclear network, a wider mass range,
and more accurate computations of the envelopes decreasing
the triangle size in the HR diagram to Δlog Teff = 0.001 and
Δlog L = 0.004 or less.

3.1. The internal structure constants

To compute the theoretical internal structure constants k j to be
compared with the observed values, we integrated the models
using the differential equations of Radau as given by

adη j

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 configuration, ε j measure of the
deviation from sphericity, ρ(a) the mass density at the distance a
from the centre, and ρ(a) the mean mass density within a sphere
of radius a. The result is expressed as the internal structure con-
stants in the form

k j =
j + 1 − η j(R)

2
(

j + η j(R)
) (3)

where R refers to the values of η j at the star’s surface. The contri-
bution of j = 3and4 are very small, so we generally only use k2.

It is nevertheless well known that rotating models are more
mass concentrated than the standard ones. Stothers (1974) was
the first to investigate this effect, and in 1993, Claret & Giménez
made a first attempt to evaluate the influence of stellar rota-
tion on k2. Later, Claret (1999) introduced a more elaborated
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Table 1. Revised astrophysical parameters and orbital elements of EBS showing apsidal motion.

System P (d) Mass Radius Teff log g e dω/dt Ref.
(days) (M�) (R�) (K) (cgs) (deg/cycle)

EM Car 3.41 22.83 ± 0.32 9.35 ± 0.17 34 000 ± 2000 3.855 ± 0.016 0.0120 ± 0.0005 0.081 ± 0.005 1
21.38 ± 0.33 8.35 ± 0.16 34 000 ± 2000 3.925 ± 0.016

V478 Cyg 2.88 16.62 ± 0.33 7.428 ± 0.072 30479 ± 1000 3.9173 ± 0.0074 0.0158 ± 0.007 0.1047 ± 0.0010 2, 3, 4
16.27 ± 0.33 7.428 ± 0.072 30549 ± 1000 3.9080 ± 0.0075

V453 Cyg 3.89 13.82 ± 0.35 8.447 ± 0.068 27800 ± 400 3.7253 ± 0.0056 0.022 ± 0.002 0.054 ± 0.003 3, 5, 6,7
10.64 ± 0.22 5.422 ± 0.068 26200 ± 500 3.9970 ± 0.0095

CW Cep 2.73 13.05 ± 0.20 5.65 ± 0.12 28300 ± 1000 4.050 ± 0.019 0.0293 ± 0.0006 0.0582 ± 0.0005 4, 8, 9, 10
11.91 ± 0.20 5.14 ± 0.12 27700 ± 1000 4.092 ± 0.021

QX Car 4.48 9.24 ± 0.12 4.292 ± 0.091 23800 ± 500 4.139 ± 0.018 0.278 ± 0.003 0.01222 ± 0.00022 11, 12
8.46 ± 0.12 4.054 ± 0.091 22600 ± 500 4.150 ± 0.019

V539 Ara 3.17 6.240 ± 0.066 4.517 ± 0.084 18100 ± 500 3.924 ± 0.016 0.053 ± 0.001 0.0193 ± 0.0010 13, 14, 15
5.314 ± 0.060 3.429 ± 0.083 17100 ± 500 4.094 ± 0.021

AG Per 2.03 5.35 ± 0.16 2.996 ± 0.071 18200 ± 800 4.213 ± 0.020 0.0709 ± 0.0006 0.0262 ± 0.0004 4, 16
4.89 ± 0.13 2.606 ± 0.070 17400 ± 800 4.296 ± 0.023

U Oph 1.68 5.273 ± 0.091 3.485 ± 0.021 16 440 ± 250 4.0759 ± 0.0043 0.00305 ± 0.00008 0.07919 ± 0.00001 17, 18
4.739 ± 0.072 3.111 ± 0.034 15590 ± 250 4.1282 ± 0.0087

V760 Sco 1.73 4.969 ± 0.090 3.016 ± 0.066 16900 ± 500 4.176 ± 0.019 0.0270 ± 0.0005 0.0443 ± 0.0004 19, 20
4.609 ± 0.073 2.642 ± 0.066 16300 ± 500 4.258 ± 0.021

GG Lup 1.85 4.106 ± 0.044 2.381 ± 0.025 14750 ± 450 4.2983 ± 0.0089 0.150 ± 0.005 0.0181 ± 0.0006 21
2.504 ± 0.023 1.726 ± 0.019 11000 ± 600 4.3628 ± 0.0092

ζ Phe 1.67 3.921 ± 0.045 2.853 ± 0.015 14400 ± 800 4.1210 ± 0.0040 0.0113 ± 0.0010 0.0280 ± 0.0010 13, 22
2.545 ± 0.026 1.854 ± 0.011 12 000 ± 600 4.3076 ± 0.0046

IQ Per 1.74 3.504 ± 0.054 2.446 ± 0.024 12300 ± 230 4.2060 ± 0.0080 0.0763 ± 0.0008 0.0138 ± 0.0003 4, 23
1.730 ± 0.025 1.499 ± 0.016 7700 ± 140 4.3248 ± 0.0085

PV Cas 1.75 2.816 ± 0.050 2.301 ± 0.020 10200 ± 250 4.1640 ± 0.0063 0.0322 ± 0.0005 0.0190 ± 0.0004 24, 25, 26
2.757 ± 0.054 2.258 ± 0.019 10190 ± 250 4.1713 ± 0.0067

V451 Oph 2.20 2.769 ± 0.062 2.642 ± 0.031 10800 ± 800 4.0368 ± 0.0091 0.0125 ± 0.0015 0.0120 ± 0.0007 27
2.351 ± 0.052 2.029 ± 0.028 9800 ± 500 4.195 ± 0.011

V1647 Sgr 3.28 2.184 ± 0.037 1.832 ± 0.018 9600 ± 300 4.2517 ± 0.0078 0.4130 ± 0.0005 0.00546 ± 0.00006 28
1.967 ± 0.033 1.668 ± 0.017 9100 ± 300 4.2879 ± 0.0084

EK Cep 4.43 2.025 ± 0.023 1.5801 ± 0.0065 9000 ± 200 4.3473 ± 0.0027 0.109 ± 0.003 0.00093 ± 0.00010 29, 30, 31, 33
1.122 ± 0.012 1.3156 ± 0.0057 5700 ± 200 4.2499 ± 0.0032

IT Cas 3.90 1.3315 ± 0.0093 1.595 ± 0.018 6470 ± 100 4.1574 ± 0.0096 0.0797 ± 0.0016 0.00117 ± 0.00007 32, 33
1.3290 ± 0.0078 1.563 ± 0.018 6470 ± 100 4.1740 ± 0.0097

V636 Cen 4.28 1.0518 ± 0.0048 1.0188 ± 0.0043 5900 ± 85 4.4441 ± 0.0036 0.1348 ± 0.0012 0.00080 ± 0.00005 34
0.8545 ± 0.0030 0.8302 ± 0.0043 5000 ± 100 4.5317 ± 0.0044

References. 1 Andersen & Clausen (1989); 2 Popper & Etzel (1981); 3 Popper & Hill (1991); 4 Wolf et al. (2006); 5 Southworth et al. (2004);
6 Pavlovski & Southworth (2009); 7 Wachmann (1974); 8 Popper (1974); 9 Clausen & Giménez (1991); 10 Stickland et al. (1992); 11 Andersen
et al. (1983); 12 Giménez et al. (1986); 13 Andersen (1983); 14 Clausen (1996); 15 Wolf & Zejda (2005); 16 Giménez & Clausen (1994);
17 Holmgren et al. ( 1991); 18 Vaz et al. (2007); 19 Andersen et al. (1985); 20 Wolf (2000); 21 Andersen et al. (1993); 22 Zasche & Wolf (2007);
23 Lacy & Frueh (1985); 24 Popper (1987a); 25 Barembaum & Etzel (1995); 26 Švaříček et al. (2008); 27 Clausen et al. (1986); 28 Andersen &
Giménez (1985); 29 Popper (1987b); 30 Martin & Rebolo (1993); 31 Claret et al. (1995); 32 Lacy et al. (1997); 33 Wolf et al. (2009); 34 Clausen
et al. (2009).

method to treat rotation in the Granada code. This method fol-
lows Kippenhahn & Thomas (1970) by considering three con-
tributions to the total gravitational potential: the spherical sym-
metric one, the one due to rotation, and the integral describing
the distortion. A detailed description of the numerical method
is given by Claret (1999). The resulting correction of the in-
ternal structure constant due to stellar rotation is then given by
Δlogk2 ≡ logk2,stan − λ, where λ = 2V2/(3gR), g is the surface
gravity, and V is the rotational velocity. Nevertheless, the effects
of the induced mixing were not included in our rotating models.

The classical formula for the apsidal-motion rates is derived
under some simplifications that also require some revision. In
particular, the assumption that the star readjusts its shape instan-
taneously during the revolution is only valid when the orbital
period is much longer than the periods of the low-order modes
of oscillation. There has been some research on the role of reso-
nances and stellar compressibility (see e.g. Papaloizou & Pringle
1980; Quataert et al. 1996; Smeyers & Willems 2001; Willems
& Claret 2002). These results were applied systematically to the

apsidal-motion scenario for the first time by Claret & Willems
(2002). In the present paper we apply the same formalism. The
contribution of the dynamic tides were calculated for each sys-
tem as a function of ω/ωP, where ω is the angular velocity and
ωP the angular velocity at periastron. An example of this test for
the case of EM Car is shown in Fig. 1. The relative deviation
between the classical rate of apsidal motion and that one given
by the theory of dynamic tides is

Δdyn ≡ ω̇stan − ω̇dyn

ω̇dyn
=

k2stan − k2,dyn

k2,dyn
· (4)

4. Comparison with the observations

4.1. Ages and effective temperatures

Apsidal motion can only be considered to be a robust test of
stellar structure if the adopted stellar models are able to repro-
duce the astrophysical parameters of the selected DLEBS with
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Fig. 1. The effects of dynamic tides in the apsidal-motion constant of
EM Car. The vertical dashed line denotes the observed value of the
angular velocitiy.

Fig. 2. Examples of the fitting process: theoretical isochrones for EM
Car, V539 Ara, and IT Cas.

the necessary accuracy. The observed masses, radii, and effective
temperatures of both components must simultaneously fit a com-
mon isochrone as given by the models. A comparison of only
effective temperatures/isochrones has been carried out in several
papers in the literature by testing different stellar models, includ-
ing our own code (see for example, Lastennet & Valls-Gabaud
2002). They find that the different stellar models predict simi-
lar absolute dimensions and ages. Further comparisons are also
shown in the paper by Torres et al. (2010). An example of this
test is shown in Fig. 2. The apsidal motion test is thus an ad-
ditional parameter in the overall comparison of stellar structure
models with observations. It requires calculating of the internal
structure constant k2 in the models, and the main reason to use
only our own codes is that there are no other updated stellar mod-
els providing k2 for the mass range and evolutionary status of
our observational sample. Given that the chemical composition
is not known accurately for our sample, this increases the num-
ber of free parameters, but an enrichment law has been adopted,
together with the best value of Z, thereby optimizing the fit of
the effective temperatures. In this comparison of the absolute

Fig. 3. Evolutionary ages inferred for each individual component of the
systems in Table 1.

Fig. 4. Theoretical and observed apsidal-motion constant for the sys-
tems in Table 1.

dimensions with the models, we have obtained an average value
of Z of 0.018± 0.003, very similar to the one already adopted
in our 1993 paper (Z = 0.02). This difference is probably due
to the different opacity tables, as well as the revised absolute
dimensions. On the other hand, it should be noted that the influ-
ence of the mixing-length parameter α is not significant, given
the involved effective temperatures in our sample of DLEBS.

A more extensive comparison between the ages of the pri-
maries and secondaries derived from the theoretical models is
shown in Fig. 3. The agreement is very good; i.e. the ages of both
components coincide as required within the involved uncertain-
ties, and this is true along more than 2 orders of magnitude in
age. For three systems, the fit of a common isochrone is not to-
tally satisfactory, namely V760 Sco, AG Per and ζ Phe. These
systems were already identified in previous studies as show-
ing problems with their location on the H-R diagram (Claret &
Giménez 1993; Claret & Willems 2002). However, the case of
ζ Phe is found to be in better agreement with the theoretical
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predictions than in our earlier papers. This improvement is
mainly due to the use of Z as a free parameter instead of adopt-
ing it to be 0.02, but also, in a minor way, due to the new models
– mainly the more recent opacity tables – and the revised ab-
solute dimensions. A metallicity of 0.015 was found for ζ Phe
and 0.018 for V760 Sco, which could be verified by future spec-
troscopic observations. In the cases of V760 Sco and AG Per
the identified discrepancy in age between the component stars
may be related to their youth. The problem of fitting a common
age for young systems is a well known problem essentially be-
cause the density of isochrones, within given error bars of the
absolute dimensions, increases very rapidly towards the ZAMS.
A different case is EK Cep, since one of its components is still
in the pre main-sequence phase, while the other is on the main
sequence so the problem of the selection of the best isochrone
is thus avoided. Difficulties with the analysis of EK Cep, in the
sense of not being able to fit the observed parameters with avail-
able models, led Yildiz (2003) to find a solution by assuming that
the stellar core, which contains 52% of the total mass, rotates
65 times faster than the outer layers. However, the adopted as-
sumptions by Yildiz present some problems. For example, such
a redistribution of the angular velocity for EK Cep A, which is
a very young star, seems very unlikely. Moreover, the author use
the approximation by Kopal to compute k2 instead of integrat-
ing Radau’s equation. The old approximation by Kopal, derived
when numerical models were not available, is known to provide
artificially lower values of k2. Owing to problems with the em-
pirical determination of its effective temperatures, Claret (2006)
adopted a different approach to compare the observations with
the theoretical models by using the effective temperature ratio,
which is a better determined parameter than the absolute val-
ues from the light-curve analysis. Such an approach is supported
observationally by the inconsistency found in the photometric
distances for both components of EK Cep. We have found that
the standard models are able to reproduce the effective temper-
ature ratio, masses, radii, and apsidal-motion rate for the same
isochrone. A similar situation was found in the case of PV Cas.

4.2. The apsidal-motion test

It is not possible to separate the individual contribution of each
component to the total apsidal-motion rate. Instead of individ-
ual contributions, we have the mean apsidal-motion constant as
a function of the stellar masses mi, the stellar radii Ri, the eccen-
tricity e, the orbital period P, and the apsidal-motion period U:

k2obs =
1

c21 + c22

P
U
, (5)

where

c2i=

⎡⎢⎢⎢⎢⎢⎣
(
ωi

ωK

)2(
1 +

m3−i

mi

)
f (e) +

15 m3−i

mi
g(e)

⎤⎥⎥⎥⎥⎥⎦
(Ri

A

)5
(6)

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

f (e) = (1 − e2)−2 (7)

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

8
· (8)

Here, ωi/ωK is the ratio between the rotational angular veloc-
ity of component i and the average orbital angular velocity. In
addition, we have

U =
360P
ω̇obs

· (9)

The value of ω̇ to be used in the equations above, in order to de-
rive the observational internal structure average constant of each
system is that due to the Newtonian contribution, i.e. the one in-
duced by the non-sphericity of the component stars. The total
apsidal motion rate also includes the term predicted by General
Relativity, for which the observational data have to be corrected.
The relativistic contribution to the advance of the periastron is
caused by the correction of the Newtonian two-body equation of
gravitational field deviating from the pure inverse square law of
the separation, and it does not depend on the tidal/rotational dis-
tortion (see e.g. Giménez 1985). It can be easily computed using
the expression derived by Levi-Civita (1937),

P
U ′ = 6.35 × 10−6 (m1 + m2)

A(1 − e2)
, (10)

where U
′
is apsidal-motion period corresponding to the relativis-

tic correction. The Newtonian apsidal-motion rate to be com-
pared with theoretical models of the internal structure is thus

ω̇newt = ω̇obs − ω̇GR. (11)

Some binary systems, like DI Her, have shown apsidal motion
rates that are too slow when compared with theoretical predic-
tions that cannot be explained as the result to problems with the
Newtonian contribution since the relativistic terms dominates in
their apsidal motion. The case of AS Cam, which also presents
similar discrepancies, is not relevant here because of the large
uncertainties in its absolute dimensions and apsidal motion rate.
These anomalies have sometimes been interpreted as a failure
of General Relativity. However, it does not seems the case since
several investigations of other relativistic systems (Claret 1997;
Wolf et al. 2010; Torres et al. 2010) have shown that the General
Relativity correction is fully valid. In addition, the anomaly in
the apsidal motion rate of DI Her has recently been explained as
coming from a misalignment of the spin and orbital axes of the
component stars (Albrecht et al. 2009; Claret et al. 2010). These
results give confidence that Eqs. (10) and (11) can be used with-
out problems of introducing any systematic effect in the compar-
ison of the Newtonian contributions.

Equations (5) and (11) can now be combined to allow us
to compare the observational apsidal-motion constants with the
theoretical values as derived from stellar evolutionary models,
using a weighted average value as given by

k2theo =
c21k21theo + c22k22theo

c21 + c22
· (12)

Of course, as mentioned before, we first apply the corrections
by rotation, dynamic tides, stellar compressibility, and relativis-
tic term to the systems given in Table 1 using the procedures de-
scribed above. To derive the rotational contribution (Eq. (4)) to
the total apsidal-motion, we adopt the observed rotational veloc-
ities quoted by Torres et al. (2010). The rotational velocities of
the systems obtained through measurements of the line broad-
ening of selected absorption features of the respective spectra.
However, for two systems, namely V478 Cyg and CW Cep,
such measurements are not available. For these cases, we as-
sumed that both components of each system are synchronized
with the orbital velocities at periastron, where the tidal forces are
stronger. On the other hand, the system V636 Cen is represented
twice (lower left corner of Fig. 4) because we adopted two so-
lutions for the corresponding evolutionary models: one adopting
the standard solar mixing-length model (α = 1.68) and another
one, to the left, with two values for α (1.4 and 1.0, for the pri-
mary and the secondary, respectively; see Clausen et al. 2009,
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for additional details). The standard solar mixing-length models
are marginally in better agreement with the observations con-
cerning apsidal motion but they do not reproduce the absolute
dimensions as well as the tuned models do. However, this ques-
tion is still open. To fully understand and describe the properties
of the envelopes, it will be necessary to investigate many more
systems in the mass range of V636 Cen.

The comparison between the theoretical and the observed
apsidal-motion constant k2 is shown in Fig. 4. We can consider
the comparison to be reasonably good within the involved un-
certainties since the theoretical models are found to be able to
satisfactorily reproduce the observed apsidal-motion rates. One
important characteristic of Fig. 4 is that no systematic effects can
be detected; i.e., the differences between the theoretical and ob-
served k2 are not correlated with any other parameter, such as
mass or the evolutionary status of the system, because the dis-
persion of the points is consistent with the observational errors.
Basically the same process as followed by Claret & Giménez
(1993) has been adopted here, aso we refer the readers to that
paper for more details. The different data sample limited to sys-
tems with accurate absolute dimensions better than 2%, the more
modern revised stellar models, and the effects of stellar com-
pressibility, define the main differences. Our results confirm the
expectations from the previous paper. Indeed the comparison of
the properties of the systems common to both papers shows ex-
cellent agreement. But the much smaller error bars in the log k2
values of the present paper allow the first robust test and a dis-
cussion of the behaviour of specific systems.

5. Conclusions

We have compared the observed astrophysical parameters of
double-lined eclipsing binaries, including apsidal-motion rates,
with theoretical stellar model predictions. The code used to gen-
erate such models incorporates updated input physics like stellar
rotation, recent opacities tables, effects of stellar compressibility,
dynamic tides, mass loss, and moderate core overshooting.

Before comparing the theoretical and observed apsidal-
motion rates in our sample, adopted from Torres et al. (2010), a
careful test of the absolute dimensions and the predicted values
by theoretical stellar models was performed to guarantee that the
apsidal-motion test is really significant. We found good agree-
ment between the ages of both components, computed individ-
ually, as well as good fits between the theoretical and observed
effective temperatures.

A subsequent comparison was made between the theoret-
ical and observed apsidal-motion rates by means of the inter-
nal structure constant, k2. No systematic differences were found
between the observed and theoretical predictions. This result
indicates that, when we adopt double-lined eclipsing binaries
with very good determination of their absolute dimensions and
apsidal-motion rates, together with theoretical models based on
modern tools, the apsidal motion test is fully successful within
the limit of the involved uncertainties and with no requirements
for additional free parameters.

We expect that additional absolute dimensions and apsidal-
motion rates will be available in the near future so that it will
be possible to check and extend the capability of our theoretical
stellar models to investigate all relevant aspects of stellar/tidal
evolution more deeply.
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