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Abstract. Rotating stellar models — homogeneous and evolved ones — were introduced for the first time, in order to investigate
the dfects of rotationally induced changes in the internal structure of stars on the apsidal motion in close binary systems within
the framework of the theory of dynamic tides. The rotating models are calculated in the quasi-spherical approximation under
the assumption that the star rotates as a solid body. The models show that the spectrum of resonances between dynamic tides
and free oscillation modes is substantially modified by rotation. In particular, the changes in the internal structure of the rotating
models yield complex spectra which are more than simple images of the spectra in non-rotating models shifted in the period
space. An immediate consequence of thiedénces between rotating and non-rotating models is that a reconsideration of the
global problem of the apsidal-motion may be in order.
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1. Introduction these studies were ever applied to a large and homogeneous
) ) ) o o sample of close binary stars showing apsidal motion.
Until recently, theoretical apsidal-motion investigations were |, an attempt to overcome this deficiency a series of sys-

often carried out within the framework of the static-tide ematic studies. aimed at comparing recent theoretical ad-

proximation in order to avoid the complexity of a timey,nceq regarding the apsidal motion in close binaries with

dependent tidal potential. The most commonly used formyggerational data, was initiated by Willems & Claret (2002,
lae for the rate of change of the longitude of the periastrepyy3) ang Claret & Willems (2002). In the latter paper, the au-
established in this framework are due to Cowling (1938) agd <" nointed out the importance of the quality of the observa-
Sterne (1939). The resulting apsidal motion rates combinggs “and in particular the importance of the accurate knowl-
with the rotational and relativistic contributions to the secul%rd e of the masses and the radii of the binary components.
changes of the longitude of the periastron have been Compafﬂay selected a sample of 21 eclipsing binary systems with
with observations by numerous authors, with varying degregs., are determinations of their absolute dimensions and com-
of success (Semeniuk & Paczynski 1968; Cisneros-Parra 19¢{eq specific stellar interior models for each component rather
Giménez 1981; Claret & Giemiez 1993). than interpolating between existing grids of models. Since the
The validity of the static-tide approximation has been ingrhital periods of all systems in the sample were known with
vestigated from a theoretical point of view by Papaloizou &igh accuracy, the authors carefully analysed thects of stel-
Pringle (1980), Smeyers et al. (1991), Quataert et al. (199%) compressibility and resonant dynamic tides for each sys-
Smeyers et al. (1998), and Smeyers & Willems (2001). Theg#n as a function of the less certain rotational angular velocity.
authors concluded that within the framework of the theory gfhe resulting comparison between theoretically predicted and
dynamic tides, theféects of stellar compressibility and of resoppservationally derived apsidal motion rates showed a satis-
nances between dynamic tides and free oscillation modes Matory degree of agreement. However, despite this agreement,
be important, depending on the coupling between the steli@gfme problems still remain: a) some systems do not fit the
interior and the harmonic forcing potential. However, none @tandard picture of apsidal motion, as mentioned in Claret &
Willems (2002), b) thefect of rotation was taken into account
Send gfprint requests toA. Claret, e-mailclaret@iaa.es only as a correction of the classical apsidal motion constant.
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Concerning point (b), statistical investigations show a tendeneydoing so, we aim to assess the importance of changes in the

of the components of short-period binaries to be synchronizetéllar compressibility and the eigenfrequency spectrum of the

at the periastron; this being an interesting physical constraiatationally distorted star.

since such stars do not rotate necessarely with the same rotaThe paper is divided into 3 main sections. In Sect. 2, we

tional velocities as their single counterparts. Paints (a) and (a)efly recall the basic ingredients for the calculation of models

justify the introduction of more complexity in the models. Irfor rotating single stars. In Sect. 3, we outline the framework

addition, the introduction of rotating models further contributés which these models are used as equilibrium models to calcu-

to the completeness of the problem. late the time-dependent tidal distortion and the associated apsi-
As mentioned, a limitation of the investigation by Claret &lal motion rate in close binaries. Results for homogeneous and

Willems (2002) was that the interior stellar configurations weeolved rotating main-sequence models él2and 10M, are

not rotating ones: rotation was only taken into account throughesented in Sect. 4 together with some conclusions and future

the classical term, already included in the Cowling-Sterne fgrerspectives.

mula, and through a correction factor associated with the cen-

trifugal potential, introduced by Claret (1999). However, ro- )

tation should be included in the calculations through a) tife The rotating models

classical rotational term in the Cowling-Sterne equation, b) thée method used to calculate the rotational models is based on
effects of the _centrlfugal potentle_ll on the mternal_structwﬁs-Ie quasi-spherical approximation introduced by Kippenhahn
models, ) the introduction of rotational terms in the tidal equg- Thomas (1970) with some numerical modifications to take
tions, and d) theféects of rotational mixing. , into account the contribution of the rotational distortion to the
Point (a) has been considered since the first apsidal motigf| hotential of the star and direct integration of Radau’s equa-

investigations, but often with limited accuracy due to the largg up to the 4th order. At the lowest-order of approximation,
error bars on the ratio of the rotational angular velocities gf, potential can be expressed as

the component stars. In many cases where the accurate deter-

mination of the angular velocity ratio provediitult or even GM,

impossible, the contribution of the stars’ rotational distortion = Tr

the apsidal motion rate was determined under the assumption  47G 2 d s ,

of pseudo-synchronised rotation. Point (b) was first explored _EPZ(COS@)L Paar (a f2) dar,

from a theoretical point of view by Stothers (1974), who deter-

mined that the apsidal motion const&atshould be corrected where

by a factor of the order of the distortion-paramefergiven

by Eq. (3). The change ik, is basically caused by thefects | = &[1— f2P2(cos)] @)

of the centrifugal potential on the stellar structure equationasn

Later, Claret & Gingnez (1993) obtained similar results using

a simplified version of the method described by Kippenhahn 502a3

& Thomas (1970) to determine thefects of rotation on the 2~ 3GM,(2+172) ®)

internal structure. Claret (1999) followed up on this approach

by implementing a more realistic treatment of stellar rotatidfopal 1959). Here,Q is the rotational angular velocity,

in his stellar evolution code to study the influence of rotatioiz(cosf) is the second-degree Legendre polynonaak the

on the theoretical apsidal motion rate. The resulting correctiomean radius of the level surface, angis a measure of the

on the apsidal motion constaltaffect both the rotational and mass concentration which is directly related to the apsidal mo-

tidal terms in the classical Cowling-Sterne formula. We not®n constank,. The remaining symbols have their usual mean-

that the &ects of the Coriolis force (part of point (c)) havang and are defined in, e.g., Claret (1999). Note that there is a

been considered by Savonije et al. (1995) to derive the tidgpographical error in Eq. (1) of Claret (1999) whesé//r?

spin-up rate of a massive star but not yet in the apsidal nfpust be replaced b@ M/r.

tion context. Paint (d), finally, we plan to consider in future The stellar structure equations governing the conservation

works. of mass and the generation of energy are formally the same as
The aim of the present investigation is to serve as a first dg+ a non-rotating star. The filerence is that the equipotential

ploratory step to extend the investigation by Claret & Willemsurfaces are no longer spheres so that the variabMs andL

(2002) by considering point (b) in the framework of the theompust be replaced by the corresponding variabjes,,, andL,,

of dynamic tides. Our goal is to isolate thffexts on the ap- defined on equipotential surfaces. The equations governing the

sidal motion resulting solely from the changes in the internlydrostatic equilibrium and the transport of energy then take

structure models induced by stellar rotation and their intergite form

tions with an external time-dependent potential. To this engP GM

we determine the apsidal motion rate within the framework gt~ — _ 4‘/’ fp, (4)

the theory of dynamic tides and compare the rate obtained iy anr,,

standard (non-rotating) models with the rate obtained for rotat-

ing models. As a first approximation, we here do not take in@n Ty 3kL,Pyfr (5)

account the fects of rotation in the tidal equations (point (c))dInP,  16racG I\/lprp1 fp’

' %erzsinze (1)
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Fig. 1. Evolutionary tracks of rotating (dashed lines) and standard (continuous lines) stellar mod#ds @eft) and 10M,, (right), chemical
composition K, Z) = (0.70,0.02), mixing-length parameter = 1.52, and no core overshooting.

while the Schwarzschild criterion is modified as overshooting. For more details on the construction of the stel-
aInTy, . fr lar models, we refer to Claret (1995) and Claret (1999). The
onP, = MIN(Vag, Vradf_P} ‘ (6) resulting evolutionary tracks are shown in the HR diagrams dis-

played in Fig. 1. Note that, as expected, the rotating models are
The geometrical factor§r and fp can be computed for everycolder than their non-rotating counterparts. In addition, the in-
shell of the model using the relation between the mean radiuglusion of the centrifugal potential tends to make the mass of
and the radius of the level surfacg up to the third order in the rotating models more concentrated towards the center (see
the distortion (see Eq. (1) in Claret 1999). For the purpose gio Claret 1999 and references given therein). However, as we
this investigation, we assume the star rotates as a solid beglyll see in the following sections, this isstationary effect
and neglect the possibléects of rotationally induced mixing. rather than a dynamical one. In the framework of the theory of
Although these are somewhat idealised assumptions, we cg@ynamic tides, the results are a lot less simple to analyse. For
sider them to be a suitable first approximation for the presefe remainder of the paper, we restrict ourselves to a few se-
investigation. lected models along the evolutionary sequences. The position
We calculated two evolutionary sequences, one foMy2 of these models in the HR diagram is indicated by the num-
star and one for a 1M, star, which are representative folbered solid squares in Fig. 1. Some properties of the adopted
the mass range of stars in binaries showing apsidal motieRedels relevant to this investigation are summarised in Table 1.
The adopted chemical composition wa§ £) = (0.70,0.02)
and the mixing-length parameter 1.52. For the rotational mod-
els, the initial rotational angular velocities were taken to I® The apsidal-motion rate due to the tidal
1x 10 st and 8x 107 for the 2M,, and the 1M, star, distortion of a binary component
respectively. They are compatible with observed periods for
stars of the same spectral type (see Tassoul 1978), althoughttherder to determine the contribution of the tidal distortion
equatorial velocities are larger in order to emphasizefieets of a binary component to the apsidal-motion rate within the
of rotation. The rotational angular velocities of the models wigamework of the theory of dynamic tides, we assume the star
used are not high and the set of adopted equations is adequateave a rotation axis perpendicular to the orbital plane and we
Such equations were used even for faster rotators (Kippenhéeat its companion as a point mass. We denote the mass and the
& Thomas 1970; Endal & Sofia 1976; Law 1981; Meynet &adius of the star by; andRy, respectively, and the mass of
Maeder 1997, etc.). Since we are mainly interested ffedi the companion byM,. Furthermore, lePy, be the perioda
ential efects between rotating and non-rotating models, atfe semi-major axis, angithe eccentricity of the orbit.
given that the interaction between rotation and convection is Following Polfliet & Smeyers (1990), we expand the tide-
not well known, we did not consider the possibféeets of core generating potentialer W(r,t), in terms of unnormalised
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Table 1. Relevant parameters of the selected non-rotating and rotating stellar models.

Number of model MassM,) age (16 years) logy (cgs) Q(s?) log k; Xe
1 2 15.400 4.300 0.00 -2.337 0.694
2 2 15.575 4.261 A40x 104 -2.419 0.693
3 2 908.538 3.792 0.00 -2.583 0.045
4 2 910.392 3.747 B84x10° -2.681 0.064
5 10 0.119 4.238 0.00 -1.923 0.698
6 10 0.106 4.181 10x 104 -2.051 0.698
7 10 20.635 3.695 0.00 -2.404 0.001
8 10 20.640 3.477 B0x10° -2.656 0.037
9 10 21.122 3.537 B0x10° -2.752 0.001

spherical harmonic¥;"(6, ¢) and in Fourier series in terms ofThe determination of the céicientsFmk in Eq. (8) requires

multiples of the companion’s mean motiar= 27/Pop as the numerical integration of the system affdiential equations
4 ¢ e ¢ governing the time-dependent tidal motions of the mass ele-
s W(r,t) = —er GM Z Z Z Crmk (L) ments in a component of a close binary. As mentioned in the
Ry 122 Mot ke—oo Ry Introduction, we here do not consider any additional terms in-

xY(0, ¢) expli[(kn+mQ)t —knr]}. (7) troduced in the tidal equations by the star’s rotation. In particu-

H (R /8 (Mo /M) | Il di ion| lar, we discard theféects of the Coriolis force and the centrifu-
ere,e1 = (Ri/a)" (Ma/My) is a small dimensionless parameg | ¢orce e furthermore consider the tidal force as a small

ter representing the ratio of the tidal force to the gravity at t fe-dependent perturbation of the star's hydrostatic equilib-
s_tar’s equa_t0|G is the Newtonian con_stant ofgrawtatlms_a rium and neglect thefiects of the nonadiabatic energy ex-
time O.f penastron passages (1., ¢) is a system of spherical change between the moving mass elements and their surround-
coordinates with respect to an orthogonal frame of refereqﬁas_ The system of dierential equations then corresponds to

that |s.corotﬁt|ng Wét.h the Stﬁr’ antt)j. thle factot{s!,k_areFFourler the system of equations governing linear, isentropic forced os-
goe“ﬁlclgr:jtsf_ epen ;nﬁ on t Z.Or Ita eccentrlcné/. g_r a MO ations in a spherically symmetric equilibrium star (see, e.g.,
etailed definition of the coordinate systess, ¢ and a discus- \\ui1ams & Claret 2002).

sion of the Fourier cd@cientsc,mk, we refer to Smeyers et al. For close resonances, the use of the isentropic approxima-

(1998). tion ma . S _
; : : - . y lead to indefinitely large amplitudes for the compo-
i Since th? glze-gtehnter:atlng po(;e(;\tlal IS d%mlpatleg by tl?]%nts of the tidal displacement field. We bypass this problem by
erms associated wi € second-degree spherical harmot i'ﬁﬁting the determination of the apsidal-motion rates to orbital
we restrict ourselves to the determination of the aps'dal'mOt'BQriods for which the relative flierence between the forcing

rate rlesul;[]lng fron; tEe 'iermi "Tjsso??hted vvﬁ_th ztl.fn-l;jhe rfltethOf angular frequency of the dynamic tide and the eigenfrequency
secular change ot tne longitude ot the periasoaue 10 e - ot 1,0 oscillation mode involved in the resonance is larger than

time-dependent tidal distortion of a component of a close ler (Smeyers & Willems 2001; Willems & Claret 2002)
nary is then given by Since, for main-sequence stars, the eigenfrequencies of the os-

) Ri\> My 27 cillation modes are relatively uffaected by the nonadiabatic
Wdyn = (E) M1 Por [2 k2 G200 effects, the isentropic approximation is adequate to study the
) position of the resonances as a function of the orbital period.
+4 Z (F20k G20k + F22kG22k + F2-2kG2-2k) [(8) Although these various assumptions limit the quantitative
k=1 conclusions we may draw from this investigation somewhat,

(Smeyers et al. 1998; Smeyers & Willems 2001). The rate d&ey allow us to form a first qualitative picture of thefei-
pends on the orbital eccentricity through the fact®ss,x and €nces between rotating models and their non-rotating counter-
on the response of the star to the tidal forcing of the companip@rts without the complications of morefiicult input physics.
through the coicientsFy k. For a precise definition and anWe intend to follow-up on this first exploratory step in future
elaborate discussion of the quantit@sy,x andFmk, we refer investigations by implementing more sophisticated treatments
to Smeyers & Willems (2001) and Willems & Claret (2002). of nonadiabatic and rotationafects on dynamic tides in close
For comparison, the rate of secular apsidal motion duehiharies.
the tidal distortion of a binary component derived by Cowling

(1938) and Sterne (1939) is given by 4. Results for 2 Mg and 10 Mg rotating models

. Ri\> My 2

Wiidal = (;l) VZ Pﬂ ko 15f (ez) (9) The apsidal motion rate resulting from the tidal distortion of
. 1 Torb . a 2M, ZAMS binary component is shown in Fig. 2 for or-

wherek; is the apsidal-motion constant, and bital periods ranging from 2 to 10 days. For illustration, we

used a companion masd, = 2My and an orbital eccen-
tricity e = 0.25. The dashed line represents the contribution

(&)= (- 1o 34 5 ) (10)
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Fig. 2. The logarithm of the apsidal-motion rate (in radians per second) resulting from the tidal distortiorvbf Z2MS model. Solid and

dotted lines represent the apsidal-motion rates determined by means of Eq. (8) in the case of a non-rotating and a rotating model, respectively
(see Table 1, models 1 and 2). For comparison, the dashed line represents the contribution of the tidal distortion to the classical apsidal-motion
rate resulting from Eq. (9) in the case of the non-rotating model. The peaks in the curves correspond to resonances between dynamic tides and
the star’s free oscillation modes.

of the tides to the apsidal motion rate within the framewotetween two consecutive eigenfrequencies and the behaviour
of the classical Cowling-Sterne formula in the case of a noof the eigenfunctions of the oscillation modes involved in the
rotating 2M, ZAMS stellar model. On the scale of the figureesonances. These twdfexts respectively alter the density
this rate is almost indistinguishable from the rate derived fof the resonances and the strength of the coupling between
the rotating 2V, ZAMS stellar model (not shown). The solidthe tidal force and the oscillation modes involved in the reso-
and dotted lines in Fig. 2 represent the contribution of the tideances. Because of these complex dependencies, the pattern of
to the apsidal-motion rate within the framework of the theomgsonances that emerges for the rotating model is more than just
of dynamic tides in the case of a non-rotating and a rotatiagsimple shift of the pattern found for the non-rotating model.
2 M, ZAMS stellar model, respectively. In the case of the non- In order to emphasize theftiirences between the apsidal-
rotating model, the forcing frequenciks + mQ with respect motion rate predicted by the static-tide approximation in the
to the corotating frame of reference (see Eq. (7)), were detelassical Cowling-Sterne formula and the apsidal-motion rate
mined using the same rotational angular veloQitys that of its taking into account theftects of dynamic tides, we introduce
rotating counterpart. The induced forcing frequencies are thige relative diferenceA between the two rates as
the same for both models, so that anffeliences arising can be ) ,
expected to be related toffirences in the internal structure. , =~ _ “tidal = @dyn (11)
o (.Udyn

It is not straightforward to analyse the results shown in
Fig. 2, but it is interesting to note that resonances betwe€he variations ofA as a function of the orbital period are dis-
dynamic tides and free oscillation modes may produce bgitayed in Fig. 3 for the non-rotating and rotating/2 ZAMS
negative and positive deviations from the apsidal motion ratedels by solid and dotted lines, respectively. The relative dif-
predicted by the Cowling-Sterne formula (see also Smeyerd&ences make the occurrence of resonances and fiieeedit
Willems 2001). The changes in the internal structure of the neatterns in the rotating and the non-rotating models even more
tating models cause aftérent pattern of resonances due to thepparentthanin Fig. 2. Away from any resonances between dy-
different frequency spectrum of the model’s free modes of asamic tides and free oscillation modes, the relatifedénces
cillation. In particular, the decrease of the size of the radiare furthermore seen to be systematically more negative for the
tive envelope of a rotating model with respect to a non-rotatimgtating models than for the non-rotating ones. The observa-
one yields higher eigenfrequencies for the rotating modefgn by Smeyers & Willems (2001) that the classical Cowling-
The changes in the internal structure al$tee the spacing Sterne formula tends to underestimate the contribution of a
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Fig. 3. The relative diferencesA (see Eg. (11)) for the same non-rotating (solid lines) and rotating (dotted lifds) Z2AMS models as
in Fig. 2.

P_../days

Fig. 4. Same as Fig. 3, but for evolved standard and rotatiht, 2nain-sequence models (Table 1, models 3 and 4).

star’s tidal distortion to the apsidal motion is therefore emph&he main dfference with the 81, ZAMS models is the larger

sised even more by the structural changes induced by stellamomber of resonances occurring in the considered period range.
tation. In Fig. 4, the relative ierenced are shown in the case The increase is caused by the growth of the radiative envelope
of evolved standard and rotatingvZ, main-sequence models.which causes the eigenfrequency spectrum of a more evolved



A. Claret and B. Willems: Rotating stellar models and dynamic tides in close binaries: A first approach
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Fig. 5. Same as Fig. 3, but for standard and rotatind/LaZAMS models (Table 1, models 5 and 6).
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Fig. 6. Same as Fig. 3, but for evolved standard and rotatinild @ain-sequence models (Table 1, models 7 and 8).
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stellar model to be denser than that of a less evolved modelaAd rotation for more evolved models (see Figs. 4 and 6).
similar behaviour is found in the case of M, stellar models, The diterences in the apsidal-motion rate of rotating models
and non-rotating models can still reach about 10%. However,

which is illustrated in Figs. 5 and 6.
In the absence of resonances, there is another importanfef-evolved models, an additional ficulty arises from the

fect due to the interaction between the stellar compressibiltfjfe comparison between rotating and non-rotating models
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Fig. 7. Same as Fig. 3, but for evolved standard and rotatingld@ain-sequence models with a slightly smaller central hydrogen content for
the rotating model than in Fig. 7 (Table 1, models 7 and 9).

itself: once a standard model is selected, with which rotatimgunterpart. This important question will be treated in future
model should we compare it? The equivalent radius is ofterorks.

different (recall that in the rotating case, we are dealing with a A direct consequence of these results is that the possible ef-
distorted configuration). We here selected models 3, 4, 7, anfk8ts of dynamic tides must be considered even more seriously
because they represent the evolutionary stage on the maian before since the comparison with observational data may
sequence where the stellar radius is at its largest, so that de@end critically on the position of the resonances as a func-
effects of dynamic tides on the apsidal-motion rate are expectrsh of the orbital period arydr the rotational angular velocity.

to be maximal (Willems & Claret 2002). However, inspectiowntil now, the possibility of resonances has only been consid-
of Table 1 shows that this choice of models does not necesed for the eigenmodes of non-rotating models which clearly
sarily correspond to comparable evolutionary stages in terfigve a diferent eigenfrequency spectrum than the modes of ro-
of the amount of hydrogen burnt in the center. In Fig. 7, weiting models. The inclusion of rotation in the calculation of the
therefore plotted the relativeftiérences\ for a somewhat fur- equilibrium models may therefore prove to be vital to correctly
ther evolved 10/, rotating model than that presented in Fig. Gnterpret any comparison between theoretically predicted and
The diference in radius between the rotating models 8 (Fig. 6bservationally determined apsidal-motion rates. However, the
and 9 (Fig. 7) is only 7 per cent, but the resulting spectra of regifects of stellar rotation on the internal structure of stars are
onances are quiteftierent. This numerical exercise serves asdill far from understood so that the additional uncertainties re-
clear example of the intrinsic fliculties to determine equiva- sulting from the calculation of rotating stellar models increases
lent rotating and non-rotating stellar models. Consequently,t#@ dificulties of comparing theory with observations rather
long as the choice of models is somewhat arbitrary, it is ngfan solving some of the outstanding issues. Such theoretical
straightforward to compare the respective spectra of reson@itations should always be considered before more exotic so-
dynamic tides. We expect a similaffect if we compare ro- |utions are called upon.

tating and non-rotating models that share the same position in ajthough a re-analysis of the observational data is out-
the HR diagram, the rotating one being more massive thand{ge the scope of the present investigation, a few words on
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the observed apsidal motion rates in the context of the presehis research has made use of the Simbad database, operated at CDS,
results are appropriate. The introduction of rotating mode¥rasbourg, France.

changes significantly the spectrum of resonances between dy-

namic tides and free oscillation modes. As we have seen, F@gferences

predicted deviations with respect to the classical Cowling-

Sterne formula can be positive or negative, so that resonanGigseros-Parra, J. U. 1970, A&A, 8, 141

may yield smaller as well as larger apsidal motion rates. Suelret, A. 1995, A&AS, 109, 441

predictions could in principle be reflected in the observationglaret: A, & Giménez, A. 1993, A&A, 277, 487

data. In particular, the problematic systems DI Her, As Caffld"ét A & Willems, B. 2002, A&A, 388, 518

and V451 Cyg (Claret 1997), which present large deviatioﬁ_@évgln% TS'G‘éLls‘C’;% '\gNlR;‘% QA%J:’;O 184

with respect to the Stand‘_”‘rd theory, _WOUId be Su_itable SUbjeéfﬁménez, A. 1981, Ph.D. Thesis, Universidad de Granada

to study by the mtroductlon_ of_rotatlng models in the fram%ppenhahn, R., & Thomas, R. C. 1970, in Stellar Rotation, ed. A.

work of the theory of dynamic tides. Slettebak (Dordrecht, Holland: D. Reidel, Publ. Co.), 20

However, as explained in the Introduction, the present mqchw, W.-Y. 1981, A&A, 102, 178

els are only exploratory ones. As a logical step forward, Weynet, G., & Maeder, A. 1997, A&A, 321, 465

plan to extend the present investigation by implementing tRapaloizou, J., & Pringle, J. E. 1980, MNRAS, 193, 603

effects of the Coriolis force in the tidal equations and by irRolfliet, R., & Smeyers, P. 1990, A&A, 237, 110

vestigating the non-adiabati¢fects in order to evaluate moreQuataert, E. J, Kumar, P., & Ao, C. O. 1996, ApJ, 463, 284

accurately the resonant amplitudes. Concerning the interisvoniie, G. J., Papaloizou, J. C. B., & Alberts, F. 1995, MNRAS,

structure models, we are working to introduce tffe&s of ro- 277,471 .

tational induced mixing. The main contribution of the prese temen'Uk' l., & Paczynski, B. 1968, Acta Astron,, 16, 23
. . . . L meyers, P., van Hout, M., Ruymaekers, E., & Polfliet, R. 1991, A&A,

numerical experiments is to show that is worth continuing to 248, 94

investigate this theme in more detail. Smeyers, P., Willems, B., & van Hoolst, T. 1998, A&A, 335, 622

Smeyers, P., & Willems, B. 2001, A&A, 373, 173

AcknowledgementsWe are grateful to G. Meynet, who has helpedterne, T. E. 1939, MNRAS,99, 451

to improve the final version of the paper with his comments ark@issoul, J.-L. 1978, Theory of Rotating Stars, Princeton Series in

suggestions. The Spanish DGESIC (project PB98-0499) is acknowl- Astrophysics

edged for the support received. BW acknowledges the support of iélems, B., & Claret, A. 2002, A&A, 382, 1009

British Particle Physics and Astronomy Research Council (PPAR®Yillems, B., & Claret, A. 2003, A&A, 398, 1111



