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Abstract. Making use of detached eclipsing binaries discovered by the OGLE and MACHO teams in the SMC and in the LMC
respectively, we give the value of the fractional radius above which circularization occurs. We show that this critical radius is
consistent with that found for galactic binaries by Giuricin et al. (1984) and does not, therefore, depend strongly on metallicity.
This conclusion is consistent with Zahn’s (1975) theory of tidal dissipation. The critical radius seems slightly larger in the SMC
than in the LMC, but this small difference is hardly significant and should be confirmed by a larger sample. We also explore
empirically to what extent the critical radius might depend on stellar mass and surface gravity.
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1. Introduction

Synchronization between spin and orbital periods and orbital
circularization are consequences of dissipative phenomena tak-
ing place in close binaries, generally designated as tidal effects.
In stars with an outer radiation zone, which will be considered
here, the main dissipative mechanism is radiative damping act-
ing on the dynamical tide (Zahn 1975, 1977). In that case, the
circularization timescaletcirc = −dt/d lne is a very steep func-
tion of the fractional radiusR/a, R being the stellar radius,a
the semi-major axis of the relative orbit, ande its eccentricity;
indeed the theory predicts thattcirc ∝ (R/a)−21/2 (see Sect. 5).

Giuricin et al. (1984, hereafter GMM) have examined
early-type (O, B, A-type) detached close binaries in our
Galaxy. On the basis of a sample of about 200 binaries, they
concluded that the transition between eccentric and circular
or quasi-circular orbits (defined as having an eccentricitye <
0.05) occurs at about (R/a) ∼ 0.24, which agrees well with
Zahn’s theory.

In this paper, we have chosen to analyze the detached
eclipsing binaries cataloged by Udalsky et al. (1998) in the
SMC, and by Alcock et al. (1997) in the LMC. For these sys-
tems no radial velocity curve is available (except for a few re-
cent exceptions), hence no spectroscopic orbit. However, they
all have fairly good lightcurves, so that the producte cosω
(e being the orbital eccentricity andω the longitude of the
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periastron) can be determined for each of them. In addition, all
systems of a given Magellanic Cloud lie practically at the same
distance, except for small depth effects which we consider neg-
ligible for our purpose. This allows one to have a good idea of
the masses of the components, even though the exact distance
is still a matter of debate.

In Sect. 2 we give more details on the definition of the sam-
ple and present the analysis of the lightcurves of the systems
(part of which were made by other authors). The orbital ele-
ments are discussed in Sect. 3 in the context of circularization,
and the possible dependence of the critical radius on gravity
and mass are explored in Sect. 4. A short comparison with the-
ory is presented in Sect. 5. Conclusions and hints for further
work are given in Sect. 6.

2. Lightcurve analysis

2.1. SMC

All 153 detached systems listed by Udalski et al. (1998) in
the SMC, and whoseI magnitudes are available on the OGLE
web site1, have been analyzed using an interactive and graph-
ical version of the EBOP16 code. The original version of this
code was written by Etzel (1980), who kindly provided it to
PN through the regretted Dr. Zdenek Kviz; it was modified
by PN for better efficiency. This work was done before the
publication of the two papers by Wyithe & Wilson (2001,
2002) who systematically solved all OGLE lightcurves in the
SMC cataloged by Udalski et al. (1998) but published only the

1 http://sirius.astrouw.edu.pl/∼ogle/
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parameters of some tens of systems which are most suitable
for distance determination. In all cases, the ratio of radiik was
fixed to 1, since it is well known that, except in the rare cases of
complete eclipses, this parameter remains ill-defined, i.e. un-
certain by±20% or more, especially when both components
are similar (Andersen 1991; Andersen et al. 1980; North et al.
1997). The work of Wyithe & Wilson (2001) on detached bi-
naries confirms this, since their Fig. 3 shows hardly any corre-
lation between real and fitted ratio of radii. It is worth noting
that Alcock et al. (1997) also assumedk = 1.0 in most cases
for their binaries in the LMC. It is also well known that one
of the most accurate parameters obtained from lightcurves of
eclipsing binaries is the sum of radii of the components. Thus
we obtain essentially the mean radius. The other fitted param-
eters are the orbital inclinationi, the central surface brightness
of the secondaryJs relative to that of the primary, and the prod-
uctse cosω ande sinω. The magnitude at quadrature and the
exact epoch of the primary minimum were also adjusted. The
linear limb-darkening coefficient was assumed equal to 0.18,
which is appropriate, in theI passband, for main sequence stars
with Teff ∼ 15 000−20 000 K, i.e. the vast majority of the sam-
ple members (van Hamme 1994). We used the lightcurves in
the I band only, because they are far more complete than those
in the B andV bands. The typical precision of the fitted mean
radius (formally the radius of the primary, but with a fixed ratio
of the radiik = Rs/Rp = 1.00) is 2−3%.

In the meantime, Wyithe & Wilson (2001) performed
the same analysis, but using the more sophisticated Wilson-
Devinney code. They allowed the ratio of the radii to be ad-
justed but recognize that the result is generally not signifi-
cant due to the degeneracy between the angle and this ratiok.
Likewise, they stress the difficulty in recovering a reliable esti-
mate of the eccentricitye. This is why we decided not to con-
sider the eccentricitye itself, but rather the producte cosω,
because the latter is determined in a much more reliable way
from the lightcurve: it is directly related to the phase of the
secondary minimum, which is very accurate and almost com-
pletely independent from any other parameter of the system.

In three cases, we had to revise the period given by Udalsky
et al. (1998). This was done by PN using a period search code
implementing the reciprocal of Renson’s (1978)θ1 test, which
was devised forα CVn type variables but proved extremely
useful for eclipsing binaries too. These three stars are listed in
Table 1 with the new value of their period. Two of them have a
well defined period while we can only list 3 possible periods to
the third, which was not considered any more in the analysis.

2.2. LMC

The interpretation of the lightcurves was published by Alcock
et al. (1997), using much the same assumptions as us. In par-
ticular, they assumedk = 1 in 60% of cases. Although they did
not classify their systems into the detached and non-detached
categories, they classified them according to the morphology of
their lightcurves. We have selected the systems having a type
EA/EB 1 to 4, for which the depths of both minima are
relatively similar, thus enhancing the probability that both

Table 1.Revised periods for three eclipsing binaries of Udalski et al.
(1998).

Area Star No. spurious correct Remark

period [d] period [d]

4 192903 103.5902 102.8859 well defined

9 134245 3.32492 9.97715

4.9855 less good

2.4935 less good

10 39758 3.35275 5.02945 well defined

components have about the same mass and radius. Some semi-
detached and contact systems remain, but they will simply in-
crease the relative number of circular orbits, which does not in-
troduce any pertinent information. Interestingly, Alcock et al.
also publish separately thee cosω ande sinω products, which
allows us to use their results exactly in the same way as ours.

3. Circularization and critical radius

Instead of considering the classical eccentricity versus period
diagram (e− logP), we choose to studye cosω as a function
of relative average radius, since the latter is directly given by
the lightcurves. The advantage of this diagram is that it contains
a quantity directly pertinent in the theoretical predictions – the
relative radius – while orbital period itself is less important.
Figure 1a shows this diagram for all 152 detached binaries in
the SMC. Qualitatively, it resembles closely the usuale− logP
diagram: all eccentricities are allowed for small enough relative
radii (long enough periods), and there is a critical value above
which all orbits are circular. Figure 1b shows an enlargement
of this critical region.

Similarly, Fig. 2a shows all binaries of Alcock et al. (1997)
considered for this study, while Fig. 2b shows an enlargement
of the critical region. Full dots refer to solutions of lightcurves
obtained in theV band, while open dots refer to lightcurves
in theR band. In the following, we adopt, for the LMC, results
based on theV lightcurves. Interestingly, Figs. 1 and 2 differ for
e cosω values close to zero: while there is a smooth transition
in the SMC, there is a gap, for the LMC, between null values
and non-negligible ones. This is certainly due to the fact that
Alcock et al. (1997) have put to zero very small eccentricity
values when they considered them as non-significant; these
authors fail to comment about this, so their exact criteria remain
unknown, but this point is not crucial at all for our purpose.

Comparison of Figs. 1b and 2b suggests that the critical
relative radius (above which all orbits are circular) is about
(R/a)c = 0.25 both for the SMC and for the LMC. Since
the SMC is about two times more metal-poor than the LMC,
this implies that metallicity plays no important role in the
matter. These figures should also be compared with Fig. 2 of
GMM giving e versusR/a for 200 early-type binaries in our
Galaxy: interestingly, the critical radius is again the same, i.e.
about 0.25, confirming the absence of an important metallicity
effect.
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Fig. 1. a) e cosω versus relative radius for all detached eclipsing bi-
naries in the SMC.b) Zoom of a) on the region around the critical
radius.

An attempt at making a cleaner comparison between the
SMC and LMC binaries was made, based on cumulative dis-
tributions of the relative critical radii. Four red giants were re-
moved from the SMC sample. Then, for both the SMC and
the LMC, all binaries for whiche cosω < 3σ, whereσ
is the formal error provided by the EBOP (respectively the
Wilson-Devinney) code, were dropped. The result is shown in
Fig. 3. Both curves clearly converge toward (R/a)c ∼ 0.25, al-
though the slope is slightly smaller for the SMC than for the

Fig. 2. a)e cosω versus relative radius for all eclipsing binaries in the
LMC listed by Alcock et al. (1997). Full dots: results based on the
V lightcurves. Open dots: results based on theR lightcurves.b) Zoom
of a) on the region around the critical radius.

LMC. The latter difference, which implies that there are more
wider systems in the SMC, might be simply due to observa-
tional biases, e.g. time coverage, since the wider the system,
the more difficult it is to detect narrow minima scattered in an
otherwise constant curve.

The critical radius seems slightly larger in the case of the
SMC ((R/a)c ∼ 0.255) than in the case of the LMC ((R/a)c ∼
0.245) but the difference is so small that it seems hardly
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Fig. 3. Cumulative distribution of significant values ofe cosω
(e cosω > 3σ) for the SMC and LMC binaries.

significant. Therefore, our results suggest that the critical ra-
dius may be considered as a universal quantity.

4. Does the critical radius depend on mass
or gravity?

4.1. Mass determination

In order to explore the possible effect of mass and surface grav-
ity on critical radius, we have estimated the mass and surface
gravity of all binaries which we judged appropriate for this pur-
pose. Practically all binaries in the list of 153 detached sys-
tems in the SMC published by Udalski et al. (1998) are in this
case, except for a few systems with evolved components, since
both minima of their lightcurves present very similar depths.
Generally, this is the sign that both components are similar as
well. In the case of the LMC binaries, Alcock et al. (1997)
classify the lightcurves according to the contrast between the
depths of the secondary and primary minima, by a number
varying from 1 (equal depths) to 9 (very shallow secondary
minimum, typical of Algol-type binaries). We have selected the
systems classified 1 to 4 in this regard, keeping only 354 stars
(only 7 of which have classification 4) from the initial sample
of 611 stars. It remains possible that the LMC sample be pol-
luted by semi-detached or contact systems, while all systems
considered here in the SMC are certainly bona fide detached
ones.

The method of mass and gravity determination is the fol-
lowing:

– The distance to each Magellanic Cloud is assumed
known. The “long” and “short” distance scales still have
their respective advocates (e.g. Bono et al. 2001, 2002;

Udalski 2000), so we adopted some intermediate values:
(m−M)0 = 18.9 for the SMC, and (m−M)0 = 18.4 for the
LMC. So doing, we took into account the constraint that the
difference of the distance moduli is 0.5, with a rather good
accuracy (Groenewegen 2000; Cioni et al. 2000)2. On the
other hand, we neglected depth effects.

– The reddening was assumed constant on the whole
field of each Cloud, the adopted mean values being
< E(B − V) > = 0.087 and 0.143 for the SMC and
the LMC respectively (Udalski 2000). Using the relation
AV = 3.1 · E(B − V) (Cardelli et al. 1989), this gives
< AV >= 0.27 for the SMC and 0.44 for the LMC.

– The absolute visual magnitude of the average compo-
nent of each binary is computed through the formula
MV = V − (mV − MV)0 − < AV > + 0.7526, with
V = I + (V − I ) in the case of the SMC (Udalski et al. 1998
do not give directly theV magnitude in their Tables 2–12).

– The bolometric correction is computed according to the
polynomial formula of Flower (1996), duly corrected ac-
cording to Flower (1998). Although this correction is valid
for stars with solar metallicity, the metallicity effect is ex-
pected to be small.

– On the basis of theoretical evolution models (Charbonnel
et al. 1993 forZ = 0.004; Schaerer et al. 1993 forZ =
0.008), a first guess of the effective temperature is obtained
through the relation logTeff = 4.275− 0.0938· (MV + 0.5),
assuming the star to be on the main sequence. Knowing
logTeff and logL, one interpolates the mass in the theoreti-
cal evolutionary tracks.

– The first estimate of the mass is used to obtain the semi-
major axis of the relative orbit through the 3rd Keplerian
law, which is possible thanks to the knowledge of the
period, which is very accurate.

– The relative radius being known from the photometric solu-
tion of the lightcurve, one can compute the absolute radius.
The latter allows to make a new estimate of logTeff through
the current value of logL.

– A new bolometric correction and a new logL are computed,
leading to a new mass estimate. The process is iterated until
∆ logTeff < 0.002.

This method converges well, but the precision on the mass is
rather low, because in the theoretical H–R diagram, lines of
constantMV intersect lines of constant radius at a small an-
gle. This stems from the rapid rise ofBC with increasingTeff ,
as shown in Fig. 4. Thus, a small error on the absolute visual
magnitude, onAV or on BC propagates into a large error on
mass: a realistic error of±0.2 mag implies a relative error on
mass of±20%. But Fig. 4 also shows that lines of constant ra-
dius are almost orthogonal to evolutionary tracks, which shows
that the evolutionary state, represented e.g. by logg, is well
constrained. The error on logg is minimized by the fact that,
if mass is overestimated, then the radius is overestimated as
well (though to a lesser extent), so thatg ∝ M/R2 remains little
changed.

2 Eclipsing binaries can provide very accurate and direct dis-
tances, provided both radial velocity and light curves be determined
(Paczynski 1997; Clausen 2000).
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Fig. 4. Theoretical HR diagram for the SMC, assuming a metal con-
tentZ = 0.004, a distance modulus (m− M)0 = 18.9 and a visual ab-
sorptionAV = 0.27. The continuous lines are the evolutionary tracks
by Charbonnel et al. (1993), the broken lines are the loci of con-
stant radius and the dotted lines are loci of constant absolute visual
magnitude.

4.2. Statistics with selection on mass or surface gravity

The distributions of masses and logg of the SMC and LMC bi-
nary components obtained using the method just described are
shown in Figs. 5 and 6 respectively. Although the distributions
relative to the LMC are less reliable than those relative to the
SMC because of probable pollution by semi-detached or con-
tact systems, they are very similar. In addition, their shape is
consistent with expectations: low mass stars are much more
numerous than massive ones, in agreement with the IMF, and
logg distribution is skewed toward large values because the
early stages of the main sequence are longer lived than the late
ones. In addition, the most frequent logg value is slightly larger
in the SMC than in the LMC, which is consistent with the fact
that metal-poor stars of a given mass have smaller radii than
metal-rich ones (the SMC hasZ ∼ 0.004 while the LMC has
Z ∼ 0.008).

4.2.1. Gravity effects on the critical radius

Let us focus on the possible gravity effect on the critical radius
for circularization: discriminating stars by their logg value, one
gets two cumulative distributions of theR/a values (for signif-
icant ecosω) for each Cloud, one for large gravities and the
other for low gravities. The result is shown in Figs. 7a and 7b
for the SMC and the LMC respectively.

Although the slope of the cumulative distribution of
evolved stars is steeper than that of the unevolved stars, both

Fig. 5. Upper panel: mass distribution of detached eclipsing binary
components (assuming both components equal) in the SMC. Lower
panel: logg distribution of the same objects.

Fig. 6. Upper panel: mass distribution of detached eclipsing binary
components (assuming both components equal) in the LMC. Lower
panel: logg distribution of the same objects.

converge to the same value ofR/a. The steeper slope simply
indicates a larger number of components with radii close to
the critical radius, which is expected from evolution of binaries
with a homogeneous set of orbital parameters.
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Fig. 7. a)Cumulative distribution of the relative radius corresponding
to significante cosω, for main sequence detached eclipsing binaries
in the SMC. The continuous line is for large gravity stars, the dotted
line for low gravity ones.b) Same asa), but for the LMC.

4.2.2. Mass effects on the critical radius

Discriminating stars by their masses, we get the cumulative dis-
tributions of relative radii shown in Figs. 8a and 8b for each of
the Clouds.

It is difficult to see any significant trend as a function of
mass: although one might suspect that, in the SMC, lower
masses correspond to a lower critical radius, the reverse would
hold in the LMC! In spite of the rather large number of binaries

Fig. 8. a)Cumulative distribution of the relative radius corresponding
to significante cosω, for main sequence detached eclipsing binaries
in the SMC. The continuous line is for massive stars, the dotted line
for less massive ones.b) Same asa), but for the LMC.

used in this sample, the statistics remains insufficient to make
any firm conclusion.

5. Comparison with theory

In binaries whose components possess outer radiation zones,
orbital circularization is due mainly to radiative damping act-
ing on the dynamical tide. The critical fractional radius for cir-
cularization depends on several parameters, but primarily on a
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structure constantE2 and on the agetage of the star. The full
expression is given by

( a
R

)21/2

c
= 21 211/6

(
ln

ei

ef

)−1 GM

R3
f


1/2

×
∫ (

R
Rf

)9

E2 dt, (1)

with the usual notations,ei andef being respectively the ini-
tial and final eccentricities andRf the final radius (Zahn 1975,
1977). We have assumed that the binary components are of
equal massM, and that the rotation is synchronized with the
orbital motion.

Let us apply this expression to a 15M� star whose age
is half the main sequence lifetime (tage = 5.8 × 106 yrs), and
take ei/ef = 0.3/0.01. For this purpose we may ignore the
circularization which occurred during the pre-main sequence
phase, since the envelope of the star was then completely ra-
diative (Palla & Stahler 1993); on the contrary, for solar-type
stars, the PMS circularization can be more important than that
on the MS (Zahn & Bouchet 1989). We may also neglect the
slight variation ofR andE2 during MS evolution, and thus re-
place the integral above byE2tage. Under those conditions we
get (R/a)c = 0.255, in complete agreement with the observa-
tions presented above. This estimate is based on the models of
Schaller et al. (1992) for a metallicity ofZ = 0.020, and the
values ofE2 are taken from Claret & Cunha (1997), who used
more accurate models than in Zahn (1975).

Should we expect a variation of the critical radius with age,
and therefore with the surface gravity? It is true that the ra-
dius increases by a factor of about 2 on the main sequence, but
this increase occurs toward the end of that phase, whereE2 is
dropping very fast by a factor of 1000 and more (cf. Claret &
Cunha), due to the shrinking of the convective core. Therefore
the integral in (1) saturates at a level which is not much higher
than its value at half MS lifetime, and hence there should be
no detectable variation of (R/a)c with gravity, as shown by the
observations.

Since the structure constantE2 is very sensitive to the
size of the convective core (according to theory it scales
as (Rconv/R)7) in the limit of vanishing core), and since the
latter increases as mass increases, one might expect that the
critical radius (R/a)c would slightly decrease accordingly. But
the average age decreases too with mass, and so does the ra-
tio M/R3. If we take againtage as half the MS lifetime, the
productE2 tage(M/R3)1/2 turns out to be actually 16% smaller
for a 15 M� star than for a 5M� star, producing an increase
of the critical radius of 1.5%, which is not detectable. Thus the
critical radius should not depend on mass, at least for stars of
solar composition.

What about the role of metallicity? The convective core is
slightly larger in lower metallicity stars, which means thatE2

is larger too. The structure constant has not been calculated yet
for such stars, but one may estimate the effect by using the scal-
ing of E2 vs.qc, the fractional mass of the core, which may be
deduced from the calculations by Claret & Cunha:E2 ∝ q5.5

c .
The main sequence lifetimes are very close, but the radii at
lower metallicity are 13% and 18% smaller, respectively for

the 15 and 5M� star, where we have used the models by
Charbonnel et al. (1993) forZ = 0.004, relevant to the SMC.
Taking all this into account, we find that the critical radius is
about 5% smaller for the low metallicity star of 5M�, whereas
for the 15M� star, the decrease is only 3.5%. This slight dif-
ference is too small to be detected. Furthermore, there should
be no mass dependence of the critical radius in the SMC, nor
in the LMC whose metallicity lies in between, which again is
confirmed by the observational data.

6. Conclusion

Using B-type eclipsing binaries of both Magellanic Clouds, we
have determined the critical relative radius (R/a)c, above which
all orbits are circular. Its value is between 0.245 and 0.26. This
critical radius is nearly the same in the SMC and in the LMC,
though there is a marginal indication for a smaller value in the
LMC than in the SMC. No significant difference was found be-
tween (R/a)c for stars near the ZAMS and those more evolved
on the main sequence. Likewise, (R/a)c seems to be the same
for stars more massive than 5.5 or 6.0M� as for those less
massive than this limit. A larger sample of binaries will be
needed to drive stronger conclusions as to a possible differ-
ent (R/a)c value in the SMC than in the LMC. New data from
e.g. OGLE-III may fulfill this need in the near future. In any
case, it is worth mentioning that the (R/a)c value found here
in the Magellanic Clouds is quite consistent with that found
by GMM for galactic binaries. This work is the first attempt at
looking for the effect of metallicity, mass and surface gravity
on the value of (R/a)c.

These results are in excellent agreement with the theoreti-
cal predictions by Zahn (1975, 1977), which invoke as a tidal
dissipation mechanism the radiative damping of the dynamical
tide.
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