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Abstract. The evolution and the internal structure of the double-lined eclipsing binary V380 Cyg showing apsidal motion
is investigated. The system consists of an evolved massive primary with a mass of 11.1 + 0.5 M,, and a secondary which is
still close to the ZAMS and has a mass of 6.95 + 0.25 M,. The core overshooting parameter «,, was recently determined
for this star as 0.6 + 0.1. However, such a value was derived using error bars in the effective temperature which seem to be
unrealistically small. In addition, there is no independent support for this value of a,, either from Colour-Magnitude Diagrams
of clusters or from double-lined eclipsing binaries. Therefore, we decided to compute stellar models with several values of
core-overshooting parameter in order to try to disentangle this apparent disagreement. In order to compare the observations
with the theoretical predictions, we decided to use the ratio of the effective temperatures, TR = Tepp/Teq1, rather than the
effective temperatures themselves to avoid problems with calibrations and/or model atmosphere dependencies. Contrary to
what has been previously established, we have found acceptable common ages for a,, = 0.2, 0.4, and 0.6 which fit the TR,
the masses, the radii and the apsidal-motion rate simultaneously. Such indetermination in a,, should not be interpretated as a
negative result. Instead, it indicates that errors in @,y cannot be determined with a precision of 0.1 if realistic observational error
bars are used; we are dealing with an EBS in a very critical phase of evolution. Moreover, these new inferred values of a,, imply
that the dependency of convective core overshooting on the stellar mass, if it exists, is more uncertain and less pronounced than

previous investigations suggested.
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1. Introduction

The ability of double-lined eclipsing binary systems (DLEBS)
to provide accurate stellar masses and radii with mean er-
rors around 1-2% is widely known. However, there are also
DLEBS, such as V380 Cyg, a Vir and V1765 Cyg, which
were considered problematic not only regarding the determi-
nation of their absolute dimensions but also regarding their
internal structure. The three mentioned systems were used in
the past to check the stellar internal structure predictions for
evolved binaries through the apsidal-motion test, and the cor-
responding discrepancies between the observed and theoretical
apsidal-motion rates defined by dlogk, = log kzobs — 10g kotheo
were very conspicuous. In fact, they showed the largest devi-
ations. For quite some time, the work carried out by several
investigators indicated that the theoretical stellar models pre-
dicted lower grades of mass concentration than what was ob-
served for real stars. With the improvement of both low- and
high-temperature opacities (Huebner et al. 1977; Iglesias &
Rogers 1996; Alexander & Ferguson 1994; Kurucz 1994) and
of nuclear reaction rates (Caughlan & Fowler 1988), the situa-
tion has now improved drastically, making a more severe com-
parison with observational data finally possible. Consequently,
the theoretical apsidal-motion rates were recently revised by
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Claret & Willems (2002), who introduced accurate and updated
observational data as well as theoretical improvements such as
recent opacities, stellar rotation, and dynamic tides. The result-
ing comparison between theory and observations resulted in a
much better inter-agreement than ever before.

Meanwhile, the status of the three mentioned anomalous
systems did not change much for several years. The required
levels of observational accuracy for the absolute dimensions
and the apsidal-motion rate have been approached only in the
case of V380 Cyg (Guinan et al. 2000). In the latter paper,
the masses, radii, effective temperatures and apsidal-motion
rate were derived more accurately than previously. Combining
these elements with stellar models, the convective overshoot-
ing parameter was derived to be @, = 0.6 = 0.1. However,
such a value of @,y seems to be too high and in disagreement
with those derived for a significant sample of DLEBS or from
Color-Magnitude Diagrams of clusters, which are in the range
0.2-0.3. In addition, the error bars in the effective temperatures
and in the distance (4% in 1000 pc) seem to be too optimistic.
In particular, the error bars in the effective temperatures (1.9%
and 2.4% for the primary and the secondary, respectively) were
crucial to evaluate the error bar in @,y .

In order to try to elucidate this contradictory situation,
we use the ratio of effective temperature instead of the effec-
tive temperatures themselves to estimate the amount of core
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overshooting in V380 Cyg. This is a better constrained param-
eter because it is directly derived from the light curves and be-
cause it is independent of calibrations, distances, and model
atmospheres.

2. The apsidal-motion rate and the absolute
dimensions

The apsidal-motion rate in V380 Cyg has remained an open
question for decades. Because of the long duration of the
eclipses, the determination of the times of minima is not
straightforward (Guinan et al. 2000). The latter authors de-
rived the most recent apsidal-motion rate for V380 Cyg
of 0.0083 + 0.0006 degrees/cycle based on data from Kron
(1935), Battistini et al. (1974), Dorren & Guinan (not pub-
lished) and Guinan et al. (2000). This value will be adopted
in the present work.

The first light curves were not accurate enough and the
observations by Kron (1935), Semeniuk (1968) and Battistini
et al. (1974) were recently superseded by those performed by
Guinan et al. (2000) who used a robotic 25 cm telescope with
an attached UBYV photometer, complemented with extra cam-
paigns with an 80 cm telescope. Given that V380 Cyg is a
complex binary, the modelling of the light curves is not sim-
ple. In addition to the mentioned problems of the duration of
the eclipses, there seems to be an excess in the scatter which
may be related to stellar pulsation or to another kind of vari-
ability. For an overview of the other peculiarities present in the
system, we refer to the quoted paper. Of course, these difficul-
ties do not necessarily imply that acceptable fits using synthetic
light curves are impossible to obtain.

The effective temperatures of V380 Cyg are also a matter
of discussion. Even if we concentrate our attention only on the
last published papers, a clear inconsistency is found. Hill &
Batten (1984) gave the temperatures both at the poles and at
the equator, and found a relative difference for the primary of
the order of 7%. The results by Lyubimkov et al. (1996) on the
other hand differ by 12% from those listed by Hill & Batten.
However, the fact that really induced us to consider those de-
terminations of the effective temperatures with caution is that
the investigation by Guinan et al. (2000) also indicated large
internal discrepancies between the effective temperatures de-
rived from different photometric systems. In addition, even for
a given photometric system, differences up to 10% are found
when different calibrations are used. For different photomet-
ric systems the disagreements are even larger and can reach
up to 18%. In an effort to improve the determination of Teg,
Guinan et al. (2000) adjusted Kurucz models (1994) to IUE ul-
traviolet spectrophotometry, deriving an effective temperature
of 21350 + 400 K for the primary. This value is not fully com-
patible with those derived in the same paper using photometry
but the method is nevertheless a step forward.

Concerning the absolute dimensions, Lyubimkov et al.
(1996), discussed the evolutionary status of V380 Cyg and
found that the masses, as derived from theoretical models, are
systematically larger than those obtained from observations. A
similar effect was also found for & Vir (Lyubimkov et al. 1995).
This behaviour may in fact be part of a more serious problem
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Table 1. Relevant astrophysical parameters.

Primary Secondary
Mass 11.1£05 6.95 £ 0.25
Radius 147+£0.2 3.74 £ 0.07
log g 3.148 £ 0.023 4.133 +£0.023
log Ter 4.329 +0.008 4.312 £ 0.011
Effect. Temp. ratio 0.96 + 0.02

0.0083 + 0.0006

d)nbs

as described in Herrero et al. (1992). Furthermore Lyubimov
et al. (1996) pointed out that V380 Cyg is located near the
region of pulsational instability typical of 8 Cep type stars.
However, contrary to the case of @ Vir, no definite pulsational
signal was detected so far, though this possibility cannot yet be
fully discarded.

Recently, Guinan et al. (2000) presented a new analysis of
the photometric and spectroscopic elements of V380 Cyg. The
spectroscopic data was taken from Popper & Guinan (1998)
and the light curves were obtained as described above. The as-
trophysical parameters derived from the analysis of the com-
bination of photometry and spectroscopy are shown in Table 1
and will be adopted in the present work.

3. The not so clear stellar models for V380 Cyg

Present day stellar evolution codes still use a considerable num-
ber of free parameters, such as the mixing-length scale, the
amount of core overshooting, the chemical composition, etc.
Core overshooting, e.g., is computed by increasing the size of
the convective core given by the classical Schwarzschild crite-
rion by an extra distance doy = @,y Hp,, Where H, is the pressure
scale height and «,y is a free parameter. Several investigations
on DLEBS indicate that a good level of inter-agreement be-
tween theory and observations is obtained by considering @,y
between 0.2-0.3 (Claret 1991; Claret & Giménez 1993; Pols
et al. 1997). This interval is also confirmed by more recent
studies (Claret & Willems 2002; Lastennet & Valls-Gabaud
2002). However, for the specific case of V380 Cyg this range
of core-overshooting parameters interval seems to be insuffi-
cient to produce an acceptable fit to the observations (Claret
1991; Claret & Giménez 1993; Lyubimkov et al. 1996; Guinan
et al. 2000). In fact, Claret (1991) invoked the possibility that a
larger @,y could explain the absolute dimensions as well as the
apsidal motion rate but the large uncertainties in the absolute
dimensions at that time did not allow a more detailed study.

In order to test the influence of @,, on the comparison
between the theoretical predictions and the observationally
determined absolute dimensions and the apsidal-motion rate
of V380 Cyg, we have computed several stellar models adopt-
ing different values of «,, for the observed masses of both
components of V380 Cyg, with their respective errors. To this
end, we used a modified version of the code described in Claret
(1995). The adopted metallicity was Z = 0.012, which is com-
patible with the observational determination of the metallicity.
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For the helium content we adopted the metallic enrichment
law derived by Claret & Willems (2002), which gives ¥ =
0.261. Small variations around the adopted chemical compo-
sition have no significant effect on our final conclusions. The
observational error bars on the effective temperatures of the
components of V380 Cyg (1.9% and 2.4% for the primary and
the secondary, respectively) seems to be too optimistic though,
as well as the distance determination of 1000 + 40 pc. In order
to support this, we recall that the components are rotationally
and tidally distorted (more at the periastron), so that a clear def-
inition of T and log g is not a secure question. In addition, the
observational errors and the intrinsic uncertainties in the atmo-
sphere model fit (the opacities, the plane parallel approxima-
tion, the chemical composition, the adopted extinction law, and
in the case of the secondary the low luminosity ratio), in our
opinion, do not permit such an accurate determination of Tg.
Due to these limitations, we decided to use the effective tem-
perature ratio TR = Tegy/Teq instead of their absolute values
since this parameter is determined much more accurately from
light curve analyses. A similar procedure was used previously
by Claret & Willems (2002) in order to avoid the problems re-
sulting from calibration/model dependencies. The results are
shown in Figs. 1-3 for aoy = 0.0 up to aey = 0.8.

Let us first inspect the case of the standard models with
aoy = 0.0 (Fig. 1). As usual, we adopt as a common age of
the system the point where the theoretical effective tempera-
ture ratio and log g are intersected simultaneously by the lines
representing the respective observational values. If we inspect
the first two panels of Fig. 1 around the age of 17.35 Myr, we
note that the values of TR and log g are in good agreement with
the theoretical predictions, though the uncertainty in the age of
the secondary star is obvious. This is not surprising since we
are simultaneously dealing with a star near the ZAMS and a
much more evolved star. The uncertainty is therefore a direct
consequence of the low mass ratio ¢ and of the difficulty to
derive ages for young components. Furthermore we computed
the time evolution of the theoretical mean apsidal-motion con-
stant k, using the known formulae and derived the related as-
trophysical parameters directly from the corresponding evolu-
tionary track. The relativistic contribution is around 12% of the
total and was conveniently taken into account. We note that the
theoretical evolution of E as shown in Figs. 1-3 is not neces-
sarily correct since the secular changes in the period and the
eccentricity are not properly taken into account, i.e. P and e
are kept constant at their actual observational values. However,
since the contribution of the secondary to @ is almost negligi-
ble, k, is essentially dominated by the apsidal-motion constant
of the primary, so that %2 ~ kp1, irrespective of the values of
the period and the eccentricity. At the same isochrone as be-
fore, the average value of k to be compared with the observed
apsidal-motion rate is then given by log%gobs ~ —2.90. The
smallest value reached by the theoretical value of logk; is of
the order of —2.70/—2.75 indicating that these models pass the
TR and the surface gravity tests, but fail in the internal structure
constants diagnostics.

Figure 2 illustrates the same as Fig. 1, but for a,, = 0.2.
The models corresponding to the masses affected by the respec-
tive error bars are also plotted in order to estimate the errors in
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Fig. 1. The theoretical ratio of the effective temperatures (first panel),
the surface gravity (second panel) and the mean apsidal-motion con-
stant k, (third panel) as a function of age (in millions of years). The
solid and dashed lines denote the theoretical and the observed values,
respectively. Case a,, = 0.0, X = 0.727, Z = 0.012.

the determination of the age of the system. They confirm, once
again, that the uncertainty in the age of the secondary is not
small and that no unambiguous discrimination between the dif-
ferent models for this star is possible. The mean errors in the
age of the primary are of the order of 1.5 Myr. Let us examine
now the behaviour of the average internal structure constant.
As core overshooting increases the stellar mass concentration,
a pronounced decrease in k, compared with the previous fig-
ure can be seen in the third panel of Fig. 2. It is noticeable
that at the same isochrone, the models corresponding to the ob-
served masses are able to reproduce the TR and radii as well
as the apsidal-motion rate. As in the previous case, the models
indicate that the primary is in a very fast transitional phase of
stellar evolution showing rapid changes in the radius. Similar
effects are obtained as the amount of core overshooting is in-
creased even further. For illustration, the results for @,y = 0.4
and @,y = 0.6 are shown in the third panel of Fig. 3.
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Fig. 2. The same as Fig. 1, but with a,, = 0.2. The curves labelled
with V380 Cygm and V380 Cygp represent the models for the pri-
mary affected by the observational errors in the masses, while the cen-
tral curve denotes the models computing using the observed masses.
The models for the secondary are practically indistinguishable in this
interval.

4. Consequences: The not so definitive
conclusions

Let us summarize our results and add the case @, = 0.8 to the
models represented in Figs. 1-2. The complete series of mod-
els is displayed in Fig. 3. The models for the secondary were
not represented for the sake of clarity. For an acceptable com-
mon age for each case (indicated by the arrows) all models for
the primary suggest that it is in a critical phase of evolution,
with the exception of the models with @,, = 0.8. The latter
models indicate that the primary is still on the Main Sequence
though it already burnt about 90% of its initial hydrogen con-
tent. Inspection of Fig. 3 shows that not only the radius changes
quickly around the point where the theoretical values of TR
and log g cross the dashed line, but that the corresponding val-
ues of k, are also rapidly changing functions of time in the
same interval, which has direct consequences for the interpre-
tation of the apsidal-motion rate of V380 Cyg. In contrast to
usual thinking, not only models with a large value of «,, are
able to produce satisfactory fits for the absolute dimensions and
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Fig.3. A summary of the results. The models are labelled following
their values of a,, from 0 up to 0.8. The models for the secondaries
are not plotted for the sake of clarity. Note that all models which share
a common age are very near of their critical point of evolution, except
those for a,, = 0.8.

the apsidal-motion rate of V380 Cyg. The system is currently
in such a critical phase that even small errors in the age imply
large uncertainties in the radius and in k. Consequently, not
only the solution associated with @,y = 0.6 can be considered
as compatible with the observations but also the solutions asso-
ciated with a4y = 0.2 and @,y = 0.4. When a,, is increased up
to 0.8, which locates the primary on the Main Sequence, it is
no longer possible to find an acceptable common age, and the
fit becomes worse. One could argue that the same effect could
occur for other DLEBS and in particular for those showing ap-
sidal motion. However, the question is then whether or not they
are near the TR-radius-k;, transition phase and whether their
secondaries serve as good discriminators. The third panel of
Fig. 2 is useful to understand this question: the observational
errors in the masses yield an error in the theoretical k, which
is large because the internal concentration constant is a rapidly
changing function of time and mass in the observed interval of
the surface gravity. For a given mass, the effect of core over-
shooting is more pronounced as the star evolves, so that one
might expect more evolved systems to be more suitable to test
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the extra mixing through apsidal-motion test. The high rate of
variation of the theoretical k; is critical in those phases. Such a
test could therefore only be carried out reliably for evolved sys-
tems if the masses were known with extreme accuracy. Within
the current level of our observational and theoretical knowl-
edge of V380 Cyg, the apsidal-motion test is therefore not a
definitive test for the internal structure of the components of
this system.

The results we have obtained imply that the error bars
on @,y as determined by Guinan et al. (2000) should be re-
vised. As we have seen, more than one value of @, is com-
patible with observations if one uses the effective temperature
ratio instead of the effective temperatures themselves. From the
comparison between the observational data and the properties
of the stellar models, we derive oy = 0.6%);. However, we
have some reserve about this value of a,,. As far we know,
there is no independent support for it neither from Colour-
Magnitude Diagrams of clusters nor from DLEBS (Claret &
Willems 2002). It is therefore possible that it could be a spu-
rious solution, though within the uncertainties, it may also re-
ally indicate that a larger value of @,y is necessary to fit more
massive stars. Apparently, the new error bars do not seem to
be so important. However, it is important to determine the
possibility of a hypothetical dependency of @,y on the stellar
mass (Claret 1991; Ribas et al. 2000). Using the newly es-
tablished value, the dependency, if exists, is less pronounced
and uncertain than previous investigations suggested. The use
of the effective temperatures and their respective observational
error bars should lead to more refined solutions. However, as
mentioned, these error bars seem to be too optimistic and the
results based on them should be taken with caution. The uncer-
tainty indicated for «,y, should not be interpretated as a nega-
tive result or a backward step. Instead, it indicates that error in
the core-overshooting parameter cannot be determined with a
precision of 0.1 using realistic observational errors as a con-
straint, mainly when dealing with an EBS in a very critical
phase of evolution.

The derived value of @,y may be somewhat modified if ro-
tation is considered, taking into account the induced-mixing in-
estabilities as well as the transport of angular momentum. This
work is currently being carried out and we expect to present the
results in a future paper.

As we have seen, the contribution to the total apsidal-
motion rate of the secondary is much smaller than the
contribution provided by the primary since the ratio c3;/cy; is
very large. This means that contrary to usual investigations of
DLEBS, we are essentially testing only the primary compo-
nent. Hence questions like what is the role of the mass ratio
in the evolutionary path of binary stars; why do some bina-
ries present low values of ¢, are close binaries with low ¢ values
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really coeval and is the chemical composition really equally
distributed between such components need yet to be answered.
As a simple speculation, we think that such a common evolu-
tion should be rather competitive and possibly the answer to
the last two questions would be negative. This concept of com-
petitive evolution is hard to define, though it is more evident
in the case of interacting binaries given that it is not easy to
search for a conspicuous example in binaries for which contact
of the star with its Roche lobe is not yet achieved. However,
if we examine a random sample of binaries with good deter-
minations of the absolute dimensions, the worst adjustments
with stellar models often correspond to binaries with low ¢ val-
ues. Should these discrepancies then be related to deficiencies
in stellar modelling and selection effects? Surely the answer is
yes, but we believe this only partly explains the problem. Only
when we obtain more reliable information on the role (if possi-
ble) of sharing the primordial matter between the components
of close binaries with low ¢, can the answer to the question be
more realistically quantified.
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