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ABSTRACT

One important goal of the CoRoT experiment is
to obtain information about the internal rotation
of stars, in particular the ratio of central to sur-
face rotation rates. This will provide constraints on
the modelling of transport mechanisms of angular
momentum acting in radiative (rotationally induced
turbulent) and convective zones (plumes, extension
beyond convectively instable regions). Relations be-
tween the surface rotation period and age, magnetic
activity, mass loss and other stellar characteristics
can also be studied with a statistically significant set
of data as will be provided by Corot. We present var-
ious theoretical efforts performed over the past years
in order to develope the theoretical tools which will
enable us to study rotation with Corot.

1. INTRODUCTION

All stars rotate more or less rapidely and many are
actually rotating quite fast. Many issues concerning
rotating stars are not fully understood yet and un-
der investigation : what is the structure of a rotating
star? what is its rotation profile? what are the trans-
port mechanisms of angular momentum and of chem-
ical elements 7 As some mixing is driven by rotation,
to what extent does it depend upon the rotational
history of the star? Which physical processes con-
trol the behavior of rotation along the HR diagram?
What is the effect of rotation on mass loss? What
are the consequences of rotationally induced mixing
on the yields and then on the formation of succes-
sive star generations? How does magnetic braking

affect rotation ? Does rotation control dynamo pro-
cess and stellar activity? More generally what are
the consequences of the interactions between rota-
tion, magnetic field and atomic diffusion processes on
the structure and the evolution of stars? Hence, rota-
tion can seldomly be studied alone as it is connected
with many other processes such as mixing, activity
and compete with many other processes: turbulence,
gravitational settling and/or radiative diffusion. As
for the Sun, seismology is expected to provide some
constrains on these various physical processes at play
in stars and obtain clues about how to model them.
Seismology is expected to provide information on the
rotation itself and on the structure of the star. How-
ever, rotation is able to modify the oscillation fre-
quencies and changes differ from one type of star to
another, depending on the magnitude of the rota-
tion rate and the type of excited oscillation modes.
Determining effects of rotation on stellar oscillations
can then be seen as a field of research on its own.

Many observational and theoretical efforts have been
carried out over the past decade to provide answers
to some of the above questions. The aim of the
present paper is to give an overview of various the-
oretical developments which have been carried out
in recent years in preparation of the scientific re-
turn from CoRot experiment. Stellar rotation and
activity are two quantities which are accessible to
Corot accurate measurement capabilities for many
stars of various classes (ie wide mass and age ranges).
The interested Corot community has therefore gath-
ered in a team, AcRoCoRot, in order to coordinate
their efforts about these two general issues. Two
meetings have taken place during the Corot Brazil
workshops in 2004 and 2005 as Bresilian are deeply
involved in AcRoCoRot projects. Presentations



given during these meetings can be found on line
at the site http://ace.dfte.ufrn.br/corot/index.html
Several presentations during both meetings con-
cerned rotation as will be mentionned later on in
this review.

The paper is divided into 4 parts: Part I presents
some additional programs related to stellar rotation
which have been proposed. These projects basically
require the determination of the surface rotation pe-
riod for as large a number of stars as possible. As for
the core program, proposals related to rotation will
need the knowledge of internal rotation gradients for
instance and will require the accurate measurements
of as large a number of frequencies as possible for a
few stars.

Part II briefly explains the tools which have been de-
velopped in order to compute oscillation frequencies
of rotating stars. Indeed, differences between com-
puted and observed frequencies in fine must come
from differences between the stellar model and the
real structure of the star and not from inaccuracy
in determining the theoretical oscillation frequencies.
Different levels of approximation are available and
discussed depending on the magnitude of the rota-
tion, whether it is fast or not. One important issue
then is to determine how fast is fast in the present
framework.

In Part III, we consider imtermediate mass and mas-
sive stars, more precisely A-B type stars such as §
Scuti and 3 Cephei stars which are suitable for test-
ing rotational mixing of type I . Effects of these pro-
cesses upon oscillation frequencies must be quantified
by means of comparison with frequencies of nonro-
tating models. As these stars do not lose angular mo-
mentum, they rotate fast and effects of rotation on
frequencies are important. Perturbation techniques
as well as nonpertubative approaches have been de-
velopped in order to be able to study the oscillations
of these stars and will be presented. The domain of
validity of perturbation techniques will also be dis-
cussed.

In part IV, we discuss the case of solar-like stars. As
the Sun, these stars oscillate with high frequency p-
modes which are stochastically excited by turbulent
convection in outer layers. Their oscillation spectra
are characterised by a large number of small ampli-
tude frequencies, a number of equal spacings. These
stars are usually known as slow rotators. However
we will see that effects of rotation on some frequency
spacings at the needed accuracy level are not neg-
ligible and must be taken into account for further
correct seismic interpretations of the data.

Finally some conclusions are drawn in Sect.9
Determinations of rotational splittings and inclina-

tion angles are left to another paper in this volume.
Some parts of the present paper are not exhaustive
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Figure 1. top: Distribution of vsini in the HR
diagram obtained with Coravel measurements (De
Medeiros, Mayor, 1999). Tracks are from do Nasci-
mento et al. (1999) (taken from Do Nascimento and
De Meideros, 2004, AcRotCoRoT) . bottom pan-
nels: vsini histograms for F-G-K stars (taken from
Goupil et al. (2003), based on data from Cutispoto
et al. (2002)).

as they are treated in other contributions in this vol-
ume. Because of an expanding amount of work about
stellar rotation, the present paper cannot be exhaus-
tive and is therefore biased by the interests of the
authors which do apologize for that.

Part I: What is at stake ?

1D standard models reproduce the gross features of
evolution. However it is well known that hydrody-
namical processes such as turbulent convection are
not well modelled. In addition, observations re-
quire to go beyond standard models, particularly
they show a need to include additional mixing. Two
developement directions beyond standard evolution
modelling are currently being followed:

- modelling transport processes and their conse-
quences with prescriptions derived from physical
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Figure 2. vsini histograms fro A-B stars (taken from
Goupil et al (2003), based on data from Royer et al.
2002a,b)

first principles, 3D numerical simulations, labora-
tory experiments or observations. The results of such
modelling is implemented 1 D evolutionary models.
Along this line, effects of rotation are taken into ac-
count in several evolutionary codes (Geneva code,
Maeder et Meynet, 2004; STAREVOLV, Palacios et
al. 2003; Cesam, Moya et al 2006).

- 2D numerical approach. A few 2D evolutionary
models are currently being developed with inclusion
of microphysics to become more realistic (Roxburgh
2004, ESTER code: Rieutord et al. 2005, Rieutord
2006)

Outcome of these modellings must be tested with ob-
servations. One information at our disposal can be
the surface rotation rate. This enables to study rela-
tions between surface rotation (determined through
microvariability) and other stellar parameters (Sect.2
below). More information about stellar rotation can
in principle come from seismology. However rotation
can significantly affect stellar pulsations. The cen-
trifugal force distorts the shape of the star and mod-
ifies its equilibrium structure. Coriolis force directly
affects the oscillatory motions. In order to take fully
advantage of pulsations, one must first establish to
what extent they are affected by rotation. A first
approach assumes that rotation is slow enough that
it can be treated as a perturbation both for the equi-
librium structure and for the oscillations (Sect.3.3.1
below). The 2nd approach is valid for any rotation
and consists in solving a 2D numerical system which
include effects of rotation (Sect.3.3.2). The approach
has been developed to apply to pressure modes (Es-
pinosa et al, 2004; Lignieres et al 2006; Reese et al
2006) as well as to gravito-inertiel modes (Dintrans,
Rieutord, 2000).

2. ONE SINGLE INFORMATION
Pror surrace FOR MANY STARS

Fig.1 (presented by Do Nascimento, 2005 AcRot-
CoRoT) displays the distribution des vsini in the HR
diagram obtained from Coravel instrument (De Mei-
deros, 1999; Do Nascimento and de Meideros 2005).
Some Corot additional programs propose to deter-
mine the surface rotation period for a large sample
of stars (Do Nascimento, de Meideros et al.; Favata et
al., AcroCorot 2005). This will enable to study the
behavior of the surface rotation of solar-type stars
from the main sequence to the giant branch. Statis-
tical studies will be used to obtain relations between
the surface rotation rate and other stellar quantities
such as luminosity, mass, age, and chemical elements.

Determination of the surface rotation period will be
obtained with CoRoT through periodic variability
indicative of the presence of spots at the surface of
the stars. Using a model with multispots at differ-
ent latitudes, it could even be possible to study the
latitudinal surface differential rotation (Petit et al.,
2004, 2006; Donati et al. 2003; Marsden etal. 2006;
Reiners et al 2003; Streissmeier et al. 2003) from
the (micro)variability of the star as measured with
CoRoT as explained by Cutispoto (2005, AcRot-
CoRoT)

2.1. Age-activity -rotation relation for late
type stars

The basic idea is that chromospheric activity is trig-
gered and sustained by rotation in convective enve-
lope of solar like stars. Because of rotation breaking
by a magnetised stellar wind, rotational velocities
decreases with age as well as activity for single stars.

Low mass stars at the very beginning of the main
sequence show a high dispersion in rotational veloc-
ity and therefore in their chromospheric-activity level
as a result of their different PMS history. However
magnetic breaking forces very rapidely uniform ro-
tational velocities. Issues then are for instance ’does
a t® law hold for late type stars and more massive
stars as well? which value must be chosen for a 7’

Another important issue is to study the relation
between rotation, activity and convection in stel-
lar outer layers (Aigrain et al., Baudin et al., 2005,
AcRoCoroT). This relation can be studied in a di-
agram activity level versus Rossby number where
the Rossby number is the ratio of the rotation pe-
riod (obtained with Corot) and the turn over time
of the turbulent eddies (Fig.3). The activity level
can be assessed with photometric variability which
from ground is detected at the level of 1072 — 1073
(Fig.3). A level down to 1072 — 107% is expected to
be reached with Corot. This will allow to extend the
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Figure 3. Observed activity-rotation relation for low
mass stars. Both activity and Rossby number (rota-
tion period) are measured through photometric vari-
ability.

study of the magnetic activity to stars earlier than
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Figure 4. A schematic representation of darkening
effect due to fast rotation. Polar regions are hot-
ter than the equatorial ones. The line profiles seen
from the poles and from the equator differ. This de-
pendence upon the inclination angle must be taken
into account when deriving stellar parameters from
model atmospheres. (from Hubert el al., 2004, AcRo-
CoRoT)

2.2. Mass loss-rotation relation for massive
stars

For massive stars (9 — 20My) (O-B stars), the evo-
lution of surface rotation is affected by mass loss
and/or internal transport mechanisms (Meynet &
Maeder 2000; Meynet& Maeder, 2005). Of particular
interest here are B, stars as presented by Hubert et
al. (2004) at the 1st Corot Brazil workshop. Be stars
are main sequence or slightly evolved B stars sur-
rounded by an equatorially concentrated envelope,
fed by discrete mass loss events. Be stars usually

rotate rapidly (£2/€2. > 0.80) however their rotation
rates do not reach the break-up velocity. The is-
sue is therefore to identify the mechanism at the ori-
gin of the nonregular mass losses in these stars. As
these stars are non radial pulsators, one question is
whether pulsations do trigger direct mass loss events.
Be stars also show stellar and circumstellar activ-
ity. Projected rotational velocities have been deter-
mined for hot and massive (O type) stars (Penny
et al 2004; Gies, Huang 2004). One often encoun-
ters stars with v/vep ~ 0.9 (Townsend et al., 2004)
which means that ves. ~ cs the escape velocity is of
the same order of magnitude than the sound speed,
this indicates that a nonradial pulsation driven wind
can indeed be efficient for these stars (Owocki et al.,
2004). Magnetic field (several hundred of gauss) have
been detected at the surface of these stars (Neiner et
al 2003). Activity of magnetic origin has also been
proposed as a mechanism that could give rise to the
additional amount of angular momentum needed to
eject material. Metallicity can also play a role in the
sense that at low metallicity, mass loss is smaller,
hence less loss of angular momentum and the stars
rotate faster and could reach more easily the break
up velocity than stars with same age and mass but
with solar metallicity (Maeder, Meynet, 2001). Ob-
servations are carried out with the purpose to con-
firm these statements (Martayan et al. 2006).

In order to investigate the interrelation between fast
rotation, magnetic field, pulsations, metallicity and
mass loss in Be stars, accurate determination of stel-
lar parameters (location in the HR diagram, v sin i,
metallicity) is required. This is currently done for a
number of Be stars in the set of Corot possible target
stars (Fremat et al., 2006).

These stars are fast rotators and gravitational dark-
ening effect are no longer negligible (Fig.4). This
is confirmed by recent interferometric observations
which starts to yield information about the oblate
shape of rotating stars and gravitational darkening
(Domiciano de Souza, 2005). As the poles are hotter
than the equator, some lines will tend to form more
easily at the poles rather than at the equator; hence
the line profiles are not the same when seeing from
regions near the pole or equatorial regions. They are
inclination angle dependent and one has to take this
effect into account in the models when deriving the
stellar parameters of rapid rotating stars (Zorec et al
2005, Fremat et al 2005, Martayan 2005 phD). When
studying the Be star w Orionis, Neiners et al (2003)
for instance used the code FASTROT (Fremat et al
2005) which has been developped for providing grids
of theoretical spectra taking into account the effects
of a rapid rotation and inclination angle on the line
profiles.

Meynet and Maeder (2005) stress that stellar mod-
els with rotation predict that for stars with mass
less than < 12M, mass loss is small and internal
mechanisms transports are dominant in controlling
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Figure 5. Numerical simulation of the inner 30% in
radius of A type 2 Mg star. The rotating convective
core extends over approximately 15% of the radius .
left: a 3-D rendering of the radial velocity is shown
near the equatorial seen from above at a given time.
Blue regions: descending flows; red ones: ascending
flows. Owerturning motions have time scales of or-
der 1 month ie about the rotation period. right: en-
thalpy fluz: a latitude dependence is clearly visible.
The mized central region when including effects of
both penetration and overshoot keeps a nearly spher-
ical shape in average. Extension of the mized central
region is in average ~ 0.2H,. (taken from Browning
et al 2004)

the time evolution of the surface rotation velocity.
They suggest to study of the behavior P, in func-
tion of the distance from the Zams which can provide
constrains on the tranasport processes.

3. ONE STAR: MANY OSCILLATION PE-
RIODS

As mentionned earlier, open questions are whether
the rotation profile is shellular, what is the strength
of the radial differential rotation and the extention of
the central mixed regions when they are convective
and rotating Hence with Corot, goals are — to iden-
tify regions of uniform rotation and regions of differ-
ential rotation (depth, latitude dependences) inside
the star, — to determine Qcore/Qsyrs that-is whether
the core is rotating faster than the surface and in
this case by what amount. This type of information
can in primciple best come from seismology, provided
there are enough oscillation frequencies detected and
accurately measured. These strong requirements met
for a few stars in the Corot observing program.

3.1. Extension of rotating convective core

Intermediate mass stars and massive stars have a
convective core which real extension is not really
known. Indeed the turbulent eddies do not stop at
the radius given by the Schwarzschild criterium but
penetrate in the adjacent convectively stable regions
where they are decelerated.

It is important to include this extension in stel-
lar modelling as the nuclear fuel, hence the evolu-
tion and the stellar parameters are modified. This
can have important consequences in studies of age -
abundances relations in chemical evolution of galax-
ies; in extragalactic studies based on massive stars
which have convective core and rotate rapidely.
This has also consequences on the relation mass-
luminosity for Cepheids for instance which serve as
distance indicators.

The mixing length is not able to predict such an ex-
tension; it has been empirically determined by com-
parison with observations. It is expected that Corot
will provide, at least for a few specific stars, informa-
tion on the rotation and rapid variation of the sound
speed near the convective core of intermediate mass
and more massive stars. This will give us some quan-
titative information on the extension of the central
mixed regions.

Intermediate and massive stars rotate rapidely. From
ground, spectroscopic determinations of the pro-
jected rotational velocity vsini for a large set of A-
B stars have been obtained (Royer et al 2000, 2002).
Histograms of vsini show that the bulk of A, B stars
have velocity around 100 km/s with a decreasing tail
which extends up to vsiné 300 km/s i.e. near break
up velocity (Fig.2). It is expected that the interac-
tion between convection and rotation modifies the
penetration of the eddies in the overlaying radiative
layers. This has been studied with 3D numerical sim-
ulations of a rotating spherical shell which is a sim-
plified representation of a rotating convective core for
a A type star and a rotation rate of 1/10 t 4 times
the solar rotation rate Qo = 2.6uHz (Browning et
al 2004). Fig.5 shows that indeed rotation strongly
influences the convective motions which in turn re-
distribute angular momentum. The rotation is dif-
ferential both in latitude and in radius in a rotating
convective core. Sizes of ascending and descending
flows are similar as the density contrast is small (only
2-3) unlike the case of the solar outer convective re-
gion. Convective motions overshoot into the radia-
tive region above, which makes it oblate (prolate ie
aligned with the rotation axis). The extension of
overshooting appears to vary with latitude creating
asymetries in the extent of the penetration. In aver-
age however, the entire mixed central region seems
to remain spherically symmetric. For this simulation
rseh = 0.14R and 7., = 0.16R, R is the stellar ra-
dius i.e. with an extension into the stable layers of
about 0.02R = 0.2H,,.



This is in agreement with empirical determination for
these types of stars by fitting the main sequence turn
off and isochrones. It is important to note that when
rotation is increased, the mixed central region gets
larger. As this extension depends on the rotation of
the star, it can vary from one type of star to another,
and even from one star to another.

Browning et al explain that overshoot extension de-
pends on the stiffness of the entropy gradient. In case
of a weaker stiffness, the penetration extends further
into the radiative part. Increasing 2 without alter-
ing the viscosity results in a more laminar convec-
tion due to the stabilizing effect of the rotation and
therefore to a greater overshooting: rotation seems
to enhance overshooting. The authors caution that
due to various simplifications of the physical descrip-
tion, extention of overshoot is likely to be somewhat
overestimated .

In a recent paper, Brun et al. 2005 have modelled the
convective core of a magnetized A star. They found
that the differential rotation when Lorentz forces are
accounted for in the redistribution of the angular mo-
mentum is greatly reduced and becomes much more
time dependent. However their results indicate that
the inclusion of magnetic effect does not seem to
modify the amount of overshooting.

3.2. Transport of angular momentum in ra-
diative regions

Another piece of information we are expected is
the location and the magnitude of rotation gradient
within the star, and particularly in radiative regions
of solar like stars as this would allow testing various
transport mechanisms of angular momentum and as-
sociated chemical mixing.

Stellar rotation profile results from angular momen-
tum transport that-is the angular momentum redis-
tribution from one region of the star to another which
can have several origins:

e caused by evolution: expansions and contractions
of stellar regions

e caused by hydrodynamical processes. In radiative
regions, (differential) rotation causes large scale mo-
tions, i.e. meridional circulation, and hydrodynam-
ical instabilities which generate turbulence which in
turn contribute to the redistribution of angular mo-
mentum. In convective region, interaction between
large scale convective motions and rotation is quite
efficient in transporting angular momentum and gen-
erating differential rotation.

e caused by surface losses by stellar winds (dynamo,
thermal radiative) or surface gain from surrounding
(accretion)

e magnetic field or internal waves (Mathis, Zahn,
2005; Talon et al 2002; Talon 2006)

In radiative regions, turbulence is expected to be
highly anisotropic due to vertical stratification which
acts as a stabilizing agent. As a result, it can
be reasonably assuned that the rotation is shellular
(Q = Q(r)) which enables a 1D description. The ra-
dial transport of specific angular momentum in the
shellular assumption is then governed by the equa-
tion (Zahn, 1992):

p% (T2Qr)mT = (i) @) +

where Q(r) is the rotation rate of the assumed shel-
lular rotation; U(r) is the velocity of the merid-
ional circulation. The description is lagrangienne
with dm, = 47Tpr2dr and m, the mass enclosed in
a sphere of radius r, hence expansion and contrac-
tion effects are automatically taken into account.
The first term on the right hand side is advection
by meridional circulation and the second term is
diffusion by weak vertical turbulence (Zahn, 1992;
Maeder, Zahn 1998). Turbulence here is assumed
driven by shear due to differential rotation (verti-
cal shear Q(r)). Onset for turbulence occurs only if
the flow satisfies a criterium (modified Richardson)
which is still debated as it must include various sta-
bilizing and destabilizing processes (u gradient- ra-
diative diffusion...). Horizontal shear 2(6) acts to
suppress the instability. Due to a vertical stable
stratification, turbulence is highly anisotropic and
horizontal turbulence is much more efficient in ho-
mogeneize the meddium hence turbulent transport
coefficient must satisfy Dy, >> D,,.

These processes cause chemical transport (directely
or indirectly) which in turn affects the structure and
the evolution of the star. Transport of chemical ele-
ments is given by the equation :

P\t ), o
Jc;
B (o (D D) GE) @)
where ¢; is the concentration and Uidif " the micro-

scopic diffusion velocity of the chemical element 1.
The second term on the left hand side represents ef-
fect of atomic diffusion. The two terms on the right
hand side model effect of rotationally induced trans-
port.

While the assumption of strong anisotropic turbu-
lence generating a shellular rotation profile Q(r)
likely holds true, the difficulties lie in determining
the expressions of the turbulent diffusion coefficients



Dy, Dy, Desr in Eq.1, Eq.2 and establishing a real-
istic criterium for the onset of turbulence in radia-
tive regions (Zahn, 1992; Maeder, 2003; Mathis, et al
2004). These are still uncertain, advances are based
on results of numerical 3D calculations (Browning et
al. 2004) or laboratory experiments and could well
afford information and observational constraints as
Corot precisely could bring up.

Two types of rotationally induced processes of mix-
ing have been identified: mizing of type I where both
angular momentum and chemical elements are trans-
ported by rotationally induced mechanisms and miz-
ing of type II where again chemical elements are
transported by rotationally induced processes but
for transport of angular momentum, other processes
are more efficiently operating: internal gravity waves
and/or magnetic field). Effect of rotation in trans-
porting angular momentum here arises through Cori-
olis force which causes different behavior (in partic-
ular damping properties) between prograde et retro-
grade waves and therefore a net non zero momentum
flux (Mathis 2004, phD).

The circulation is driven by gain or loss of angular
momentum in surface. Hence if in absence of angu-
lar momentum loss, there is no need to transport an-
gular momentum and the circulation remains weak:
this happens to be the case for normal A type stars.
On the other hand, important losses of angular mo-
mentum from the surface through a wind forces the
need for a strong circulation in order to transport
angular momentum to the surface. As far efficiency
of transport of angular momentum in radiative re-
gions is concerned which is responsible for uniform
or nonuniform rotation profiles, we must therefore
consider several cases of single stars (binarity is an-
other issue not discussed here) according to their in-
ternal structure which itself depends on mass and
age (Fig.6):

e Main sequence stars

- Low mass stars (M < 1.4Mg) have an extended
outer convective region which lose angular momen-
tum through a dynamo driven wind (F-G-K stars)
during their main sequence life time. The inner part
is entirely radiative or for the most massive ones with
a small convective core. By analogy with the Sun,
we must expect a nearly uniform rotation profile in
the inner radiative layer and latitudinal dependent
rotation in the overlying convective region. As for
the Sun, these stars have been speed down when
evolving from their very youth and are much slower
rotators than the intermediate mass stars. - Inter-
mediate mass (1.4 — 1.5 < Mg < 2.5 — 3Mg) are
not expected to lose angular momentum nor mass as
they have no extended external convective region for
an efficient dynamo process and are too cool to have
a radiatively driven wind. Because of evolution of
the structure with expansion and contraction of mass
shells, one expects that they rotate internally with a

Figure 6. Structure  (convective (circled ar-
rows) /radiative (straight arrows) regions) of a star
depending on its mass or age, whether it is a main se-
quence low mass star (right), an intermediate mass,
main sequence star (middle) or a giant star (left)

differential rotation profile ie radius dependence. We
however ignore the stiffness of the rotation gradient.

- massive stars (Mg > 3Mg which lose mass through
a radiatively driven wind (O-B stars). This mass loss
(onset, magnitude, geometry) is strongly affected by
rotation (Meynet & Maeder 2004; Maeder, 2006)

For massive and intermediate mass main sequence
stars, rotationally induced mixing of type I has been
found quite successful in reproducing observation
(Talon & Zahn 1997; Maeder & Meynet 2000).

However for late type stars, this processus predicts
a too fast rotating core for the Sun which seems to
be in disagreement with heliosesimology (Matias &
Zahn, 1998). Fig.7 shows results of calculations by
Charbonnel, Talon (2005) : the rotation profile in
the solar radiative region obtained from a 1D stellar
assuming mixing of type I; the rotation if far from
uniformity. When the rotation profile in the solar
radiative region is obtained from a 1D stellar by as-
suming mixing of type II that-is including all trans-
port processes of type I and including internal gravity
wave transport but no for magnetic field, the redis-
tribution of angular momentum is efficient enough
to enforce uniform rotation in the radiative region
of the Sun as observed by helioseismology. In ad-
dition, the observed behavior of the surface lithium
abundance in function of the effective temperature of
the star (L; gap) is now reproduced by these models
(Talon, Charbonnel 1998, 2003; Talon, 2006).

e Evolved stars: rotation on main sequence has a
strong influence on the evolution of the structure and
surface abundances in later stages when the star be-
comes a red giant



e PMS stars ;

Their fast rotation provides the initial condition for
evolution of rotation on the main sequence.
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Figure 7. top: Rotation profile in the solar radiative
region obtained from a 1D stellar model assuming
mixing of type I. bottom: rotation profile in the so-
lar radiative region obtained from a 1D stellar model
assuming mixing of type II (Zahn presentation 2005,
AcRoCoRoT, taken from Charbonnel, Talon (2005)).
Colors represent different ages.

Part II Rotation and oscillations

It is expected that the space mission CoRoT (Baglin
et al 1998) will measure oscillation frequencies with
an accuracy of 0.5 pHz (20 days observation) and
0.08 pHz (150 days observations) for coherent modes
ie self excited modes such as those of A-B type stars
(6 Scuti, v Dor, 8 Ceph)(Fig.8). For solar like stars,
this will depend on the signal to noise ratio hence
on the apparent magnitude of the star (see Goupil
et al., this volume; Appourchaux et al HH exercises
this volume).

These accurate measurements of the oscillation fre-
quencies and the associated rotational splittings
(Eq.5 below) will enable to infer information about
depth and perhaps also latitude dependences of the
internal rotation of a star. Forward techniques con-
sist in comparing measured splittings with computed
splittings assuming a rotation profile. Inversion tech-
niques in principle do not assume a priori a rotation
profile and determine either locally by suitable com-
binations of rotational splittings or globally by least
squared fit minimisation its behavior with depth and
latitude at least in regions where the modes associ-
ated with the detected frequencies propagate.

Temperature (speciral type)

-f]eph ’ =

+5

+10| Priority targets for seismology

Targets for exoplanet search

+15

Figure 8. HR diagram showing several types of
oscillating stars: two large classes are emphasized
as special Corot target classes: intermediate mass
A-B stars and solar like stars. A third class is
now included in the favorite Corot target choices:
red giants stars (diagram taken from Do Nasci-
mento’stalk,2005 AcRotCoRoT, itself taken from
Boisnard 2004, AcRotCoRoT)

3.3. Effects of rotation on oscillation fre-
quency

Let vg ne,m be the frequency (in Hz) for a given os-
cillation mode when no rotation effect is included.
The geometry of an oscillation mode is described by
one single spherical harmonics, Y,;”, and the mode is
20 4+ 1 degenerate and the frequency is m indepen-
dent vg m = vo (Fig.9). When rotation is included,
the centrifugal force distorts the structure of the star
and therefore indirectly influences the wave propaga-
tion ie frequencies; on the other hand, Coriolis force
has a direct effect on the wave propagation and on
the oscillation frequencies. As a result, the sym-
metry breaking lifts the frequency degeneracy and
the frequencies become m dependent. For symmetry
reasons, it is usually assumed an axisymetric rota-
tion Q(r, 0). The equilibrium structure then remains
axisymetric; the modes can be labelled with a well
defined azimuthal indice m.

The eigenmodes are computed using a basis which
must be appropriately chosen in case of rapid ro-
tation (Lignieres et al 2006, Reese et al 2006) and
which reduces to the usual vectors in spherical co-
ordinates when rotation is slow enough to authorize
perturbation expansion as in Sect.3.3.1 below.

For later discussions, it is convenient to distinguish
between fast, moderate and slow rotation classified
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Figure 9. Schematic representation of effects of rota-
tion on oscillation frequencies. From top to bottom, a
degenerate mode n, £ in absence of rotation; a multi-
plet when rotation lifts the m degeneracy: first order
effect due to Coriolis force gives rise to an equally
spaced multiplet; the equla spacing is destroyed by
second order effects mainly due to centrifugal distor-
sion; finally corrections due to near-degeneracy must
be applied to modes with degrees £,{ 4+ 2 and same
azimuthal indice m. Correcting for near degeneracy
results most often in repelling the close (ie near de-
generate) frequencies

according to two parameters:

e=0%/(GM/R?) pw=Q/w (3)

where € represents the centrifugal over gravitational
strengths and p compares the rotation time scale
(Coriolis force) compared to the oscillation period.
Then

e slow rotation here means €, 4 << 1 and first order
perturbation in €2 is enough.

e moderate = €, ~< €maz, fbmaz Trotation
is included as a perturbation but higher order
(O(£22),0(923) contributions must necessarily be in-
cluded in order to represent correctly the frequency
spectrum.

o fast : €, > €mar, bmae 2D equilibrium models
and non perturbative approach for computing the
oscillation frequencies are required.

The upper limits €44, hmae depend on the star
as it depends on the frequency range of its ex-
cited modes. More rigorously speaking, perturbation
methods cease to be valid whenever the wavelength
of the mode reaches the order of ~ ¢ R where R is the
stellar radius that-is for p-modes with high enough
frequencies or g-modes with low enough frequencies

3.3.1. Effect of rotation as a perturbation on
oscillation frequencies

We focuse here on spheroidal modes only and we con-
sider only the depth dependence of rotation hence
Q(r) =< QUr,0) >horizontal- When rotation is slow
enough, € and/or u are small and perturbation meth-
ods can be used. However, with increasing rotation
rates, one must includes higher and higner order cor-
rections to the frequency for a given accuracy (such
as Corot frequency measurement accuracy)

e Slow rotators ; O(f)

Slow rotation, as in the solar case for instance, can
be treated as a perturbation and only the first order
correction (from Coriolis force) is retained. Oscilla-
tion frequencies then are given by

Q,
Untm = Yo,n,e + mQ_S(Cn,Z - 1) (4)
T
in an inertial frame, with €, is the surface rotation

rate (in rad/s) and and C,, ¢ is the Ledoux constant
(DG92).

One defines the linear and the generalized rotational
splittings respectively as:

Un.t,m — Vo,ne,m 5 — Untm — Vnit,—m
ntm  7Untm o = — TR

m 2m
(5)

When Q is uniform, then 6,,/(Cphe —1) = Qis a
constant with C,, o = 1 [ K(r)dr. Eq.5 is an integral
equation for a shellular rotation rate as

6O,m =

Q, [ Q
Untm = Yo,n,e + m% A K(’I")Q—Sd’f’ (6)

where the kernel K (r) depends on the eigenmode, r
is the radius. This relation can be inverted to yield

Q(r).

e For moderate rotation, O(2%, Q3)

For moderate rotation, one has to take into account
higher order (second and third order) corrections.
Several degrees of approximation for realistic mod-
els have been studied over the years (Dziembowski,
Goode (1992, DG92), Soufi et al 1998(SGDIS),
Suarez et al 2006, Karami et al 2005)
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Figure 10. Oscillation frequencies corrected for ro-
tation effects for two modes which are a £ = 0 and
¢ = 2 modes when no rotation is included. The model
is a 1.8 M. Rotation included as a perturbation. A
uniform rotation rate is assumed with v= 93 km/s.
From bottom to top, successive higher order correc-
tions are added to the zeroth order frequency (bottom)
to provide the final correct frequency up to 3rd order
(top) (from Goupil et al. 1999)

Oscillation frequencies must then be corrected ac-
cording to

Vom0 + m%(Cn,e -1)+

VUnt,m =
2 QS
s S
Imwy Dnitm T 2mw m Lo tm @
where wy = 27y ¢ and Cp is the Ledoux con-

stant Expressions for the Dy, ¢, Ty ¢,m coeflicients
(SGD98) show that they verify Dy ¢m = Dpo—m
and Ty, ¢,m = Tn.e,—m which indeed is a general prop-
erty resulting from the symmetry between a star and
its mirror image with respect to any meridional plane
as demonstrated by Reese et al. (2006).

The ’zeroth order’ frequency vy in Eq.7 actually
includes the effect of the centrifugal force average
over the surface (spherically symmetric distorsion)
through an effective gravity geys; It does also in-
cludes some contribution of Coriolis force (if derived
as in SGD98) and strictly speaking is m dependent.
This dependence is omitted here for sake of clarity.
The second term is the first order (Coriolis) cor-
rection and the last two terms represent effects of
nonspherical distorsion of the star on the oscillation
and third order correcton due to both centrifugal and
Coriolis forces.

At 2nd order (O(92?)) the centrifugal force in distort-
ing the shape of the star is responsible for the fact
that a pure radial mode, for instance, of a nonrotat-
ing star can no longer exist when the star rotates. If
rotation is low enough, the mode can keep its main
nature as radial but with a contamination from other
even £ modes. The contamination by the £ = 2 mode

mainly depends on the ratio of the inertia of both
modes. Conversely the mode ¢ = 2 is also contam-
inated by the radial mode. This happens when fre-
quencies of both modes are close to each other. More
generally, for large rotation, the modes can no longer
be described with a single spherical harmonics. An
effect which we refer to as near degeneracy. This
is taken into account in writing that the mode is in
fact a linear combination of two modes a and b which
satisfy the conditions: £y = £, +2,mq = Mp, wq ~ Wp

Let two modes labelled a and b with § = v, — 1, ~ 0
then mode a is contaminated by mode b ie 1% ;
mode b is contaminated by mode a ie ngs then their

frequencies are given by :

e WETTE
v =+ 5/0%, + H, 9)

with 7 = (1/2)(v4 + 1) is the mean frequency and
6 = v, — 1, is the small separation ; Hgp is a coupling
coefficient (see DG92, SGDI8, Goupil et al. 2000,
2002; Suarez et al 2006, Karami et al 2005)

\N|

Such near degenerate frequency corrections can reach
the level of 0.5% —2%. This is illustrated in Part IIL.

3.3.2. Effects of fast rotation on oscillation
frequencies

For rapidly rotating stars, a perturbative approach
is no longer applicable. One must turn to a 2D nu-
merical approach to compute both the equilibrium
model and the eigenmodes. Lignieres et al. (2006)
and Reese et al. (2006) have built a 2D numeri-
cal technique to compute nonperturbative oscillation
frequencies. The solution is searched for as a sum-
mation over the spherical harmonics (up to ¢ = 80 in
Eq.4) for the angular dependence and decomposed
over Chebyshev polynonials for the radial depen-
dence of the eigenmodes. The equilibrium model in
these studies is a self-gravitating uniformly rotating
polytrope of indice 3 with rotation taken in a range
from 0 to 0.59 Qx where Qf is the break up velocity
Qg = /GM/R2 with R, the equatorial radius. In-
vestigation concerned first the effect of the centrifu-
gal force alone (Ligniéres et al 2006) then both the
centrifugal and Coriolis forces were included (Reese
et al 2006). For details concerning the adopted nu-
merical techniques, see Lignieres et al. (2006), Reese
et al. (2006) and references therein. These authors
have then studied the properties of p-modes in the
frequency range of 0 Scuti stars. A brief summary of
some of their results is given in Sect.6 below.

When the star is non rotating, modes are easily clas-
sified as one assigns a single spherical harmonics with
one given ¢. When the star is rapidly rotating and
the mode structure is given by a sum of many spher-
ical harmonics, it is more difficult to classify the



modes, especially when they are involved in avoided
crossings. In order to adress this difficulty, Lignieres
et al. (2006) followed several modes from zero rota-
tion to 0.59 Q. They found that even at fast rota-
tion rates, it is still possible to classify the modes and
assign them a /¢ value, based on the correspondance
with modes in a non-rotating star.

Part III A-B type stars

Corot in its SISMO field will observe A-B stars such
as @ Cep (B type, ie massive main sequence stars), ¢
Scuti and vy Dor stars (A, intermediate mass main se-
quence stars) (Fig.8). Results from seismology from
ground are still very sparse for these stars but seem
to confirm the fact that the central regions of A-B
stars rotate at least 2 or 3 times faster than their
surface layers.

Jd Scuti stars (PMS, MS post MS) have projected ro-
tational velocities in the range v sini = 70—250km/s
(Fig.2). This identifies them as moderate to rapid ro-
tators in a € — pu diagram (Fig.24). For these stars,
rotation strongly affects the location in HR diagram,
the mode visibility and identification, mode excita-
tion and selection (for a review, see Goupil et al.
2004 and references therein).

(3 Cephei stars are more massive stars. Their rota-
tions are slow or moderate and they have no convec-
tive envelope, which makes their modelling easier.
Two stars illustrate well the success found in their
seismic modelling: HD 129929 (Aerts et al. 2004,
Dupret et al 2004) and v Eri (Pamyatnykh et al.
2004, Ausseloos et al. 2004). These two stars have
well identified pulsation modes (at least 8 for v Eri
and 6 for HD 129929). Their seismic analyses give
strong constrains on the location of the convective
core boundary and overshooting parameter d,, ~ 0.1
in one case and d,, ~ 0.3 for the other one. In
each of these stars, 2 rotational multiplet structures
are clearly identified. Their interpretation allows the
determination of their internal rotation compared to
the surface. In both cases, the core rotates about
3-3.5 faster than the surface. Many more modes
(higher degrees, more multiplets) are expected to be
observed in the 8 Cep stars observed with COROT.

~ Dor stars are g-modes pulsators. The excitation of
their modes is well explained by non-adiabatic mod-
els (Dupret et al. 2005). Their long periods (0.3 to
3 days) are of the same order as the rotation ones.
Hence, rotation is expected to affect strongly the fre-
quency pattern of these stars (Dintrans & Rieutord,
2000). As for § Scuti and 8 Cephei stars, without
mode identification based on other observables than
frequencies, no unique solution is found. Taking ac-
curately the effect of rotation into account is the next
step for feasible seismic studies of v Dor stars.

4. EFFECT OF ROTATION ON THE
STRUCTURE AND EVOLUTION OF
A-B TYPE STARS

Talon, Zahn (1997) studied the effects of transport
of internal stellar angular momentum and induced
transport of chemical elements on the evolution-
ary track and structure of a 9Mg model according
to Eq.1, Eq.2 above with D, Dy, Desy coeflicients
given by Zahn (1992). Following this study, sev-
eral works such as Meynet & Maeder (2000) investi-
gate consequences of rotationally induced transport
in massive stars on their structure, evolution and in-
teraction with their environments (mass loss, yields).
For a review see Meynet, Maeder (2004).

Using the same evolutionary code with the same
assumptions as in Talon, Zahn (1997), calculations
for less massive models showed how rotationally in-
duced transport affects the evolutionary track of
a ~ 1.75Mg model (Goupil, Talon 2002). Four
types of models were built assuming 1) no rotation,
no overshoot - 2) no rotation, overshoot included
with a classical value for the overshoot extension
doy = 0.2H), with H), the pressure scale height. -
3) No overshoot but rotationally induced transport
assuming a rotational velocity of v = 70,100 km/s.
The corresponding evolutionary tracks are shown in
Fig.11. As no mass and angular momentun losses are
included, no net torque is applied at the surface of
the star, hence total angular momentun is conserved.
In that case, only a weak circulation is taking place.
It is however able to transport inward enough hy-
drogen to increase the main sequence track as does
the overshoot although with a quite different result
in the evolution in the vicinity of the TAMS.

Models were then chosen to represent the § Scuti
star FG Vir with masses adapted to keep the models
at the same location in the HR diagram. The struc-
tures of these models, as represented in Fig.11 by the
Brunt-Vaissala frequency N. Although the evolution
of a rotating model in the HR diagram is close to that
of a nonrotating model with overshoot, the Brunt-
Vaissala frequency inner maximum remains close to
the one of the model without overshoot nor rotation.
This can have important consequences on the fre-
quencies of g and mixed modes which are sensitive
to the properties of those inner regions for such a
star. Fig.11 also shows the rotation profiles of the
rotating models. The ratios Q./Qqqrs differ by 14%
between the two models which is enough to mod-
ify significantly the oscillation frequencies of modes
which have significant amplitudes in the vicinity of
the rotation gradient.

As mentionned earlier, uncertainties remain in the
expressions for the transport coefficients (mainly Dy, )
as well as for the criterium for the onset of turbu-
lence. Several works adressed these issues and gave
rise to different forms for these coefficients and cri-
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Figure 11. Top: Ewvolutionary tracks in a HR dia-
gram for evolution of models (representative of FG
Vir): standard models i.e without rotation with no
core overshoot (blue curve) and including core over-
shoot (0.2H,) (black curve); models including rota-
tionally induced mizing, no overshoot (surface rota-
tional velocity v = 100km/s (red curve) and v =
T0km/s (green curve) at the stage labelled with a tri-
angle). bottom left: Inner mazimum of the Brunt-
Vaissala frequency for the selected models shown with
triangles on the top pannel with the same line styles.
bottom right: rotation rate normamized to a sur-
face value corresponding to v = 100km/s (red curve)
and to v = 70km/s (yellow curve). (from Goupil,
Talon 2002)

terium (Mathis et al. 2004 and references therein).
Mathis et al. (2004) studied the effect of enhancing
the horizontal turbulent transport on the evolution of
1.5 Msol models compared to previous calculations.
This results in increasing the vertical transport and
mixing of chemical elements.

In view of future applications to Corot target stars,
rotationally induced transport according to Eq.1 and
Eq.2 has also been recently implemented in the
evolutionary code Cesam assuming transport coef-
ficients given in Mathis & Zahn (2004). Moya et
al (2006) computed evolutionary tracks for 1.5M
models assuming no overshoot but different other
types of transport: 1) atomic diffusion alone 2) uni-
form rotation alone (assuming conservation of total
angular momentum with evolution) 3) rotationally
induced mixing following the approach of Mathis &
Zahn (2004) 4) same as 3) with atomic diffusion in-
cluded

Fig.12 shows that the tracks are not significantly
modified at the beginning of the main sequence. The
authors then selected models which fall very close to
each other in an observational box (with classical
uncertainties on the effective temperature and lumi-
nosity). Important differences betwen these mod-
els can be seen on the hydrogen profile for instance
(Fig.12). Atomic diffusion significantly modifies the
H abundance in surface (Morel, Thevenin 2002) com-
pared to the H abundance in absence of atomic dif-
fusion. In turn, rotationally induced transport which
is important in the surface layers smoothens the ef-
fects of atomic diffusion and decreases back the hy-
drogen abundance. We expect from these struc-
tural differences large differences in the oscillation
frequencies at ’zeroth order’ level (v, ¢ in Eq. 7) for
those modes which are sensitive to surface properties
namely high frequency p-modes as seen in Fig.13.
Relative differences between frequencies v ¢ of a
reference model (ie without rotation nor atomic dif-
fusion) and of models which include atomic and/or
rotation are almost independent of the frequency ex-
cept at low frequencies (mixed modes). Differences
with frequencies of a model including only atomic
diffusion amount to ~ 0.015 whereas differences are
much larger when the model includes uniform rota-
tion (with conservation of total angular momentum)
with changes of about 5%. When effects of rota-
tion are included, magnitude of the changes are in
between at the level of 4%.

Finally comparisons between a (mid)main sequence
model evolved from a homogeneous initial model and
a (mid)main sequence model which is evolved with
PMS calculation of models including rotation (Moya
et al. 2006) show little differences in the evolution-
ary tracks and in the rotation profile. Again here
we expect nevertheless significant differences in the
oscillation frequencies.

These preliminary results must be taken with caution
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Figure 12. FEvolutionary tracks of 1.5 Mg main se-
quence models in a HR diagram. Colors correspond
to different assumptions about internal transport pro-
cesses: all models are without overshoot. The track
of standard models (ie with no rotation, no atomic
diffusion) is represented in green; the track of mod-
els with diffusion only is pink; the black curve cor-
responds to models with atomic diffusion and uni-
form rotation with time independent total angular
momentum; the red curve represents tracks for mod-
els with rotationally induced transport according to
Mathis, Zahn, 2004 with atomic diffusion and and
without atomic diffusion (light blue curve). (taken
from Moya et al 2006)

as comparisons are presently being carried out with
results from another evolutionary code (STARE-
VOLV) where rotationally induced transport has
been already implemented and tested (Palacios et
al. 2003). The comparison seems to indicate that
our present implementation yields a too strong hor-
izontal turbulent diffusion.

5. MODERATE ROTATORS: PERTUR-
BATIVE APPROACH

Studies in this section concern modes with frequen-
cies in the range where perturbation techniques are
valid that-is low frequency p-modes and high fre-
quency g-modes

For § Scuti stars with e = 0.014—0.14 and p = 0.01—
0.2 for instance, it is necessary to include O(Q?,Q3)
order corrections due to rotation when computing
oscillation frequencies.

5.1. Moderate uniform rotation:

Using SGD98 approach, Goupil et al (1999) investi-
gated the effects of a moderate rotation on the os-
cillation frequencies of a typical § Scuti star model
with 1.8 Mg, logTess = 3.876, a photospheric radius
of 2.125Rg v = 10 to 100 km/s. From such a study,
several conclusions were drawn:
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Figure 13. top: Hydrogen profiles of X, = 0.5
models of Fig.12. Bottom: Comparison between
frequencies for £ = 2,m = 0 modes computed for
a reference model (assuming no rotation, no over-
shoot, no atomic diffusion) and frequencies of models
computed with different assumptions about internal
transport processes (from Moya et al 2006)

The ratio u?/e? ~ 1 — 15 rapidly decreases with in-
creasing frequencies (o >> 1) and distorsion due to
the centrifugal force dominates over the Coriolis ef-
fect for high frequency p-modes while it is the oppo-
site for low frequency g-modes.

The aspherical distorsion shifts all frequencies by a
quantity (22 /wo) Dy, ¢,m which depend on m, ¢ for ax-
isymmetric modes .

For high frequency p-modes, one can neglect effects
of horizontal displacement in front of the vertical
ones. Using this approximation in expressions for
Dy, ¢.m (which can be found in DG92, SGD8, Karami
et al. 2005, Suarez et al. 2006), one finds

0
2mwo

Dn,[,m ~ QZ,m Vn,f (10)

where the geometrical factors are given by:

A —3m? 3
Qem = TA_3 Querzm = 5 Pe Bevz (11)
with
02 —m?2\1/2

The V,, ¢ coefficient can be approximated as

Ve ~ e wy < So > (13)



where

I d
< Sy >= f/o y2 (27"%—1—1@)/)7‘2 dr

with y, ¢ the relative fluid displacement eigenfunc-
tion in Eq.?? (defined as y; in Unno et al.1989).
The quantity us is related to the perturbation of
the gravitational potential by rotation, ¢oo us =
Bo2/(r?*Q2) + (1/3)(2/Qs)%.  ¢o2 is defined by
d(r,0) = d(1r) + ¢22(r)Pa(cos f) is solution of a per-
turbed Poisson equation, Ps(cos#) is the 2nd order
Legendre polynomial (DG92, Soufi et al 98) The
structural quantity < S > is nearly model inde-
pendent (D/3 of Fig.8 in Goupil et al. 1999).

For two degenerate modes labelled a = (n,£) and
b= (n,f+2), one can assume V, ~ Vj, ~ V as
Yn,e ~ Ynse+2 in the outer parts which contribute
most to V. Hence one approximately has:

Hab,m ~ QZ,Z+2,mVa (14)

For high radial order modes, the coupling coefficient
Hapm, like Dy, increases linearly with the fre-
quency. Degenerate coupling is found to dominate
for v > 50km/s.

A measure of the asymetry of a multiplet is given by:

Unem+Vn e —m
Av =y gm=g — RS
2
= —1pe? s < So > (15)

The asymetry in the multiplet also increases linearly
with the frequency vy and the squared rotation rate
02

Cubic order effects are at the relative level of 1072 —
1073 that-is that they are non negligible at the level
of Corot accuracy for moderate rotating § Scuti stars
and more important for non axisymmetric modes
than centroid modes.

Using Eq.7 in Eq.5, the generalized splittings for non-
degenerate modes take the form:

3
Om =mQs(Cre—1) + my—; T em (16)
0

In absence of cubic effects, the £ quantities d,,, (m =
1,¢) such that

Om

dy =
(Cn,é - 1)

(17)

are the same and yield the true rotation rate. When
cubic effects are nonnegligible, the correct rotation
value cannot be recovered directly from Eq.17. How-
ever it is possible to combine the different values of
dm so as to eliminate the high order perturbations
and to recover the rotation rate (Sect. 5.3 below).

2.5 B

V=99 km/s

Figure 14. Rotation frequency through the star nor-
malized to its surface value. The continuous line rep-
resent a shellular rotation profile and the dashed line
to a uniform rotation profile. Models are built with
the same surface rotation frequency Qs = 9.98 uHz.
Figure taken from Suarez et al. 2006.

For a given mode, avoided crossing, which is a signa-
ture of the inner gradient of Brunt-Vaissala frequency
(due to p gradients in the vicinity of a convective
core), arises at cooler temperatures for rotating mod-
els than for no rotating models. of same mass and
age (Goupil, Talon 2002).

Difficulties in identifying the modes of § Scuti stars
can be somewhat overcome in using histogram fre-
quencies and statistical analyses, provided that a
large number of modes are detected as expected with
Corot data. However for moderate and fast rotating
stars, histograms of frequencies are strongly affected
by rotation as shown with the case of FG Vir and
for high rotation rates the peaks representative of
the rotation at low frequency is smeared out when v
reaches 70-100 km/s (Goupil et al. 1999)

Finally frequencies of a given multiplet obey a near
resonance of the type Av ~ 0 (Eq.15). Such a res-
onance can be responsible for a nonlinear coupling
which can cause the amplitudes of a given multiplet
to be asymetric and enforces This effect seems to be
distroyed for fast rotation and therefore would ex-
ist in a limited range of rotation rate; amplitudes
then become time dependent over a time scale which
can be much shorter that the Kelvin Helmoltz time.
This is one of the important issues we expect Corot
to provide clues about.

5.2. Shellular rotation

The effect of radial differential (shellular) rota-
tion on adiabatic oscillation has been studied for
intermediate-mass rotating stars (6 Scuti stars,y
Dor) in the framework of the preparation of the
Corot mission (see CW4) (Suarez et al., 2006) for
a typical & Scuti star. Equilibrium models are built
with the evolutionary code CESAM (Morel 1997).
Rotation is included by considering an effective grav-
ity modified by the effects of the centrifugal force.
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Figure 15. Weighted radial displacement eigenfunc-
tions for a mized mode (top) and a p mode (bottom)
in function of the radial distance r (normalized to
the radius of the star R). Solid and dashed lines rep-
resent the f = prty2, functions computed for a dif-
ferentially rotating model with p the density. Dash-
dotted lines represent the f function computed for
a uniformly rotating model. Dotted lines represent
the rotation profile given by the radial function no(r)
(the scale has been adapted for sake of clarity) (taken
from Suarez et al. 2006)
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Figure 16. The plot displays mode-to-mode frequency
differences between differentially and uniformly ro-
tating 1.8Ma models. Frequencies include near de-
generacy corrections. Symmetric solid line branches
represent from top to bottom, differences for m = —1
and m = +1 mode frequencies respectively. For
m = 0 modes, differences are represented by a dot-
ted line. In both panels, the shaded region represents
an indicative frontier between the region of g and gp
modes (left side) and p modes (right side). Figure
taken from Suarez et al. (2006)

That is, only the spherically symmetric terms are
considered. This is known by pseudo-rotation as is
called in SGD98. Although the non-spherical com-
ponent of the deformation of the star is not con-
sidered, its effects are included through a perturba-
tion in the oscillation equations (Suarez, 2002 PhD).
Rotationally-induced mixing and transport of angu-
lar momentum as described in previous sections are
not included in the models used here. Two illustra-
tive cases when prescribing the rotation profile (r):
1) either instantaneous transport of angular momen-
tum in the whole star (global conservation) which
thus yields a uniform rotation, or, for sake of sim-
plicity and illustrative purpose, 2) local conservation
of the angular momentum (shellular rotation). In
Fig. 14 both cases are depicted for two 1.8 My mod-
els with the same rotation velocity ( 100kms~!) at
the stellar surface and very close in the HR diagram.

Adiabatic eigenfrequencies were computed following
the perturbation formalism of DG92 and SGD98. up
to second order in the rotation rate 2 allowing a ra-
dial dependence of Q@ = (r). The effect of shel-
lular rotation on the eigenfunctions is illustrated in
Fig. 15, for a high radial order p mode (Fig. 15b) and
for comparison in Fig. 15a for a mized mode. As can
be seen, for gp modes, the eigenfunctions present an
inner maximum near the core r/R ~ [0,0.2]. As the
kinetic energy of these modes are large in core-close
regions, large seismic differences between the uniform
and the shellular rotation cases are reasonably ex-
pected. For high radial order p modes, implicit ef-
fects of shellular rotation on eigenfunctions are repre-
sented by dashed lines and can be compared to those
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Figure 17. Recovering the rotation profile in the case
of a moderately fast rotating 1.8M¢ star. A uniform
rotation has been assumed corresponding to a value
15.3 pHz (a rotational velocity of 144.5 km/s). The
blue curves represent dy and dy (Fq.18) for { = 2
multiplets and the red curve is dy + do/2. The large
excursion of di and dz are due to the presence of
mixed modes in this frequency range

for a uniform rotation. Maximum amplitudes of such
modes are located near the stellar surface, where the
eigenmodes do not differ much between the uniform
and the shellular cases.

5.2.1. Effect of shellular rotation on the
frequencies

Figure 16 displays £ = 1 mode to mode frequency
differences between frequencies computed assuming
a uniform rotation and a shellular rotation (with a
ratio Qcore/Qsury ~ 2). Both models have the same
surface rotation velocity v = 100km/s. Frequencies
are computed according to (Eq.9). Differences can be
larger than 1 yHz. Large effects due to near- degener-
acy can be seen for gp modes, and for high-frequency
p modes, which can reach up to 3 pHz. For the for-
mer modes, such effects are expected because the
rotation profile rapidly varies in the inner layers at
the edge of the convective core where gp modes have
large amplitudes (see Fig. 15. For high-frequency p
modes such effects can be explained by the structure
spherical deformation caused by the centrifugal force,
which mainly affects the zeroth-order oscillation fre-
quencies. Indeed although high frequency p-modes
have small amplitudes in the vicinity of the core,
the rotation variation which is significant only in the
vicinity of the core is felt by these modes strongly
enough to modify significantly their frequencies. It
is found that, although only a few triple-mode (or
higher) interaction is present in moderately rotat-
ing & Scuti stars the effect of taking such interac-
tion into account instead of double interaction can
be quite different depending on the configuration of
the modes (closeness of the frequencies). We find
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Figure 18. The reduced 2nd order coefficient D1 Jwo
(Eq.19) decreases toward a constant with increasing
radial order n for modes with different degree £ (solid
line: Coriolis force is included; dashed line: Coriolis
force is not included). At high frequency, as Cori-
olis effects are small and effects of the centrifugal
force dominate, differences between both calculations
are quite small. This is less true at lower frequency
where Coriolis plays a nonnegligible role (taken from
Reese et al. (2006)

that the effect can be occasionally amount up to a

few (Hz.

Hence, with such an accuracy, effects of shellular ro-
tation are likely to detectable with Corot data, pro-
vided numerical eigenfrequencies reach this level of
precision.

5.3. Recovering the rotation profile from
moderately rotating star oscillation fre-
quencies

As outlined by Dziembowski & Goupil (1998) and
Goupil et al. (2004), it is possible to remove con-
taminations of high-order (second and higher) effects
of rotation from the rotational splitting in order to
recover the true rotation profile. Using Eq.16, split-
tings with different m are combined in order to elim-
inate cubic order pollution and to recover the rota-
tion profile. Goupil, Talon (2002) illustrate the case
with a 1.8 Mg model with a uniform rotation corre-
sponding to 15.3 uHz. The plot shows the behavior
of frequency difference d,, (Eq.17 above) for m =1
and m = 2 £ = 2 modes in function of the associated
m = 0 mode. The red curve d; + d2/2 is found to be
nearly uniform and give the value of the input uni-
form rotation rate. This will be efficient for modes
which exist in nearly uniform rotating regions.
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Figure 19. Relative differences between nonpertur-
bative frequencies and perturbative frequencies com-
puted according to Eq.19 for modes with radial or-
der n = 6,10 (dotted lines). Relative differences
between monperturbative frequencies and frequencies
computed using a truncated formulation involving 2
poloidal and 2 toroidal modes (solid lines). These rel-
ative differences are plotted in function of increasing
rotation rate Q/Q with Qi the break up rotation
rate. from Reese et al 2006

In case of non uniform rotation or when the rotation
is fast enough that all modes are degenerate, it is
more difficult to remove high order perturbative ef-
fects of rotation and it is likely that one will have to
use some a priori simplified rotation profiles or some
iterative processes based on

R R
= T (r ' 2(T 3’[“
am—/o dK<>Q<>+/OK<>Q<> (18)

6. RAPID ROTATION : NON PERTUR-
BATIVE APPROACH

As already mentioned, Lignieres et al. (2006) and
Reese et al. (2006) have studied the effects of fast ro-
tation for a self-gravitating uniformly rotating poly-
trope of index 3 with a rotation rate taken in a range
from 0 to 0.59 Qk (e =0 to 0.35)

6.1. Effets of the centrifugal force

The centrifugal force induces a decrease of the fre-
quency because a rotating star has a larger volume
and a smaller sound speed. As found by Lignieres et
al (2006), this decrease is in average proportional
to the frequency, the rate of decrease being close
to that of the mean density. Nevertheless, besides
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Figure 20. Evolution of the structure of a given mul-
tiplet (here £ = 1,n = 4) when rotation is increased.
For w/Qg > 0.2, the differences dw is larger than
the value of the splitting itself and the m # 0 are not
affecetd the same way. (from Reese et al. (2006))

this average behavior, the frequency decrease is £
and n dependent and this differential effect modifies
the structure of the frequency spectrum. It follows
that the structure of a non-rotating frequency spec-
trum is destroyed. In particular, the small difference
Un,t — Un—1,0+2 is no longer small above a certain ro-
tation rate. Actually this quantity befomes nearly
constant and characterizes together with the large
difference vy, ¢ — vy,—1,¢ the new structure of the fre-
quency spectrum at large rotation rates.

Rotation also affects the properties of mode visibil-
ity since the angular dependence is no longer given
by a unique spherical harmonic (SGD98, Daszynska-
Daszkiewicz et al., 2002). Lignieres et al (2006) show
that the amplitude of the low frequency p-modes pro-
gressively concentrates near the equator as rotation
increases. This effect strongly modifies the variation
of the disk-averaging factor with the degree of the
mode. In a non rotating star, the cancellation be-
tween positive and negative surface perturbations re-
sults in a strong decrease of the disk-averaging factor
with the degree number. This property does not hold
in rapidly rotating stars where the equatorially con-
centrated modes have similar surface distribution.

6.2. Comparison between full and perturbative
calculations

An important issue is to establish the domain of
validity of perturbative calculations. Accordingly,
Reese et al (2006) compared results from full 2D cal-
culations and from perturbation calculations. The
last ones were carried out assuming that frequencies



take the form

Wntm = Wone+ mQ(Cn,E - 1)
+(D1 +m2D3)Q% + m(Ty +m?T2)Q3 (19)

with w = 27v. The coefficients D1, Ds, ... were de-
termined by a least squared fit from results of full 2
D calculations assuming low rotation rates. Includ-
ing both the centrifugal and Coriolis force, Reese et
al (2006) computed frequencies of £ = 0 to 3 and
radial order n = 1 to 10. The studied polytrope cor-
responds to a 1.9Mg and a polar radius of 2.3 Rg
typical of a § Scuti star. Fig.19 shows the relative
differences dw/w = W) — yPert:3) /i, in function
of the rotation rate normalised to the break up rota-
tion rate Q. w are frequencies obtained with
a full 2D numerical calculation and wPe™*3 frequen-
cies computed up to third order according to Eq.19
above. The differences are seen to increase with the
rotation rate and the radial order. They are mainly
due to the centrifugal force as, as mentionned earlier,
Coriolis force has a negligible effect at high frequen-
cies. The differences become quite significant when
Q/Qr < 0.1 (e <0.01)

Here significant means larger than the measurement
accuracy of rotational splittings expected with Corot
data. The comparison shows that the full calculation
is required for vsini > 50km/s for Corot 150 days
accuracy.

Fig.20 shows the evolution of the structure of a given
multiplet (here £ = 1,n = 4) when rotation is in-
creased. For w/Qx > 0.2, the differences dw are
larger than the values of the splittings themselves.
The m and —m components are not affected the same
way.

Fig.21 displays the frequencies computed when
adding successively higher order corrections accord-
ing to Eq.19. At zero rotation rate, the mode is m
degenerate. At small rotation rates (first order cor-
rection in green) nice evenly-spaced multiplets can be
seen. At higher rotation rates, multiplets stars to be
no longer equally spaced and multiplets start to over-
lap (second order corrections in blue). At even higher
rotation rates, the initial structures within the mul-
tiplets and between multiplets are lost (third order
corrections in red; full nonperturbative calculations
in black)

In Fig.19, black lines represent relative differences
betwen frequencies computed with a full nonpertur-
bative calculation (with L4, ~ 80 in Eq.??) and
frequencies obtained when truncating the summa-
tion to Ly = 2 in Eq.?? that is includind two
poloidal and 2 toroidal contributions. The relative
differences become significant for slightly larger ro-
tation rates than when a simple perturbation expres-
sion, Eq.19, is assumed. For instance, a relative fre-
quency difference of is reached for € ~ 0.18 when a
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Figure 21. Plot of pulsation frequencies as a func-
tion of the rotation rate Q/Q. Modes have radial
orders n = 1 to 10 and degrees £ =0 to 3, m = —I
to I. The top horizontal axis represents the flatten-
ing 1 — R,/R. where R, is the polar radius and R.
the equatorial radius. Green curves indicate the do-
main of validity of 1st order perturbative calculations
that-is allowing a 0.6 wHz differences (which corre-
sponds to a Corot 20 day observing program,) between
nonperurbative and perturbative calculations . Blue
(resp. red) curves indicate the domain of wvalidity
for 2nd order (resp.3rd order) perturbation calcula-
tions. Black curves corresponds to the monpertur-
bative frequencies. (from Reese, 2005 at 2nd Corot
Brazil workshop)

perturbation (Eq.19) is assumed and for € ~ 0.25
when a truncated summation is used. To fix ideas
however, for typical frequencies of excited modes of
0 Scuti stars in the range 500 — 1000pHz a relative
difference of 2.510~3 corresponds to a frequency dif-
ference of 1.25 — 2.5uHz significantly larger than the
accuracy expected on splittings measurements with
Corot data. Note that the truncated calculations
correspond to pertubation calculations when system-
atically including near-degeneracy (Eq.9).

6.3. Conclusion

It is quite reassuring that a number of qualitative
frequency characteristics found when using pertur-
bation calculations subsist when rotation is real fast.
Modes with a high radial order n are less affected by
the Coriolis force than by the distorsion due to the
centrifugal force is the main cause for deviations be-
tween frequencies in non-rotating stars, frequencies
based on the perturbative approach and thise based
on the non-perturbative approach.



Quantitatively, the non-perturbative approach tells
us the limit of validity of perturbative methods. In
the present case , the comparison with Corot mea-
surement precision shows that perturbative results
are no longer valid for /Qx > 0.2 for radial order
n ~ 6 and higher and for Q/Qx > 0.3 for radial
order n ~ 1,2. For a rotation rate of 0.59Qx (cor-
responding to a rotational velocity of 240 km/s for
1.8Mp, 2R ), the frequency spectrum stemmed from
a nonperturbative calculation is very different than
the frequency spectrum obtained from a perturbative
calculation.

Finally, we list some Corot selected stars which are
rotating fast and which quantitative seismic studies
will require nonperturbative calculations.

Rapidly rotating primary targets for CoRoT

Star identification  Stellar type wvsini (in kms™—1)

HD 181555 0 Scuti 170
HD 49434 v Doradus 90
HD 171834 F3V 72

Some of CoRoT’s rapidly rotating secondary targets

Star identification  Stellar type wsini (in kms™1)

HD 170782 0 Scuti 198
HD 170699 0 Scuti > 200
HD 177206 0 Scuti > 200

The vsini measurements are based on Poretti et al.,
2005 and Corotsky.

Part IV Solar like oscillators : are they
really slow rotators 7

Stars of spectral type F,G,K are usually considered
as slow rotators. Custipoto et al. (2002, 2003) have
determined values of vsini of a large sample of F,G,K
stars in the solar neighborhoud. The stars were se-
lected specifically for their high vsiné values. Rein-
ers & Schmid (2003) have also obtained values of
vsini for a sample of F-G-K type PMS and MS stars.
These stars have often v sini exceeding 15 km/s. As
seen in Fig.1, for F,G,K stars, the bulk of stars is
about 10 km/s- 15 km/s but the tail extends up to
30 km/s, the tail is more pronounced for K stars.
These measurements show that solar like stars are
slow rotators in comparison with more massive (A-
B) stars but are often rotating more rapidely than
the Sun.

Solar like oscillation high frequency p-modes are ex-
cited by stellar outer convective regions. For a grow-
ing number of solar like stars, high frequency p-
modes have indeed been detected and in some cases
with an enough large number of frequencies that the
first seismic models have been built for o Cen A, B,

Procyon, 1 Boo (see references section). No split-
ting have been detected for solar like oscillating stars
other than the Sun. We expect that some Corot
target stars rotate fast enough that their rotational
splittings will be detected, This means a 20—30 km /s
for a 1.5 Mg (Goupil et al, this volume; Lochard et
al 2005)

7. INFLUENCE OF ROTATION ON
THE SMALL SEPARATIONS AND
ECHELLE DIAGRAMS

Even though solar-like oscillators are considered as
slow rotators, the m = 0 mode frequencies are af-
fected by rotation for these stars (Goupil et al 2003).
Lochard et al. (2006) show that the reppelling ef-
fect of near degeneracy (Fig.9) can significantly affect
the frequency separation of modes ¢ and ¢ + 2 with
successive radial order as they have close frequen-
cies which is referred to as small separation. This
has been stressed by SGD98, Dziembowski (1997),
Dziembowski, Goupil (1998). The small separation
is often used to characterise the evolutionary stage
(age) of the star. The small separations between
¢ = 0,2 and that between ¢ = 1,3 become so small
that rotation, even at a modest rate of 15 km/s, leads
to significant degeneracy effect.

The echelle diagram is useful to identify the ¢ value
of modes associated with the detected frequencies.
The echelle diagram is also affected by rotation to
the same extent that the small separations are. This
is illustrated in Fig.22 for 3 different values of the sur-
face rotational velocity. Deviations from nonrotating
model echelle diagram can be seen for v > 25km/s
particularly at high frequency. When only m = 0
modes are used, the effect is not large enough to
lead to an error in mode identification. However de-
viations from echelle diagram for non rotating star
must be taken into account when fits of the frequency
curves in echelle diagram are determined in order to
build a seimic models or when attributing the de-
parture between observed and theoretical curves to
a physical deficiency of the models such as turbulence
in the outer layers (Straka et al. 2006).

At v = 50km/s the effects are huge. However,
the corresponding €, u tells us that the perturbation
technique is probably no longer valid for computing
the oscillation frequencies in that case and one must
turn to techniques for rapid rotators (as mentionned
Sect.6)



8. RECOVERING THE SMALL SEPARA-
TION FREE FROM ROTATION CON-
TAMINATION

It possible to remove most of the contamination of
higher order effects of the rotation for high frequency
p-modes by combining suitably the splittings pro-
vided they are available. For solar like stars, rotation
is indeed small enough that cubic order frequency
corrections in Eq.7 are negligible. For high frequency
p-modes, as is the case of solar like oscillations, the
horizontal displacement is negligible in front of the
vertical one. Using the approximate expressions for
D, Dy and Hgp p, given in Eq. 10-14, it can be
shown (Goupil et al. 2003) that the "true’ small sepa-

ration 6, ¢ = y=0 _ V,EQZO) for m = 0 modes - that

is the small separation free from rotation pollution -
is given by

1/2
obs obs\2 2 2
On,e ~ ((Va — ) —4 Qe,e+2,oVa)

—(Qe,0 — Quy2,0) Vi (20)

where the geometrical factors are given in Eq.11.
Hence the small separation increases linearly with
the frequency and with Q2.

The structure quantity V, ~ Vj itself can be obtained
from the observed frequencies as

Vo = 3(311,2 - 5a,3)
with

1
Sam = 5 (Vi + Vi)
for mode a = (n+1,£ = 3) and mode b = (n,l =1)
for instance.

Note that we remove here the contamination of the
frequency due to direct influence of rotation on the
wave propagation hence the oscillation. The small
separation still includes the indirect effect of rotation
on the structure which is precisely what we want
to probe. Also V, is a measurable seismic quantity
which can be inverted to provide information about
the distorted structure.

Goupil et al (2003) condider the case of a 1.4Mg
with solar chemical composition, logT.;r = 3.810
with rotation velocity v = 10 to 40 km/s (included
for the spherical distorsion mean centrifugal force via
an effective gravity). Modes are considered as sys-
tematically degenerate. Frequencies including rota-
tion effects according to Eq.9 for modes ¢ = 0 to 3
with radial order n = 6 — 25 have been computed.
For this model, rotation increases the small sepa-
ration by 1.2 pHz (Fig.23). From this value, one
would then deduce that the star is younger than in
reality by 1 Gyr when plotted in the mean small
separation- mean large seperation diagram as pro-
posed by Christensen-Dalsgaard (1993).

Fig.23 shows the small separations for modes £ = 1,3
computed without including rotation effects (= "true’
small separation) and including rotation effects for
velocities 10,20,30 35 km/s respectively. Departure
of the curves from the zero velocity one increases
with the rotation rate €2. From the 'polluted ’ small
separation v(°¥%) — p(°bs) " one computes the ’true’
small separation according to Eq.20. Fig.23 shows
that the process is very efficient in recovering the
small separation free of rotation effects.

9. CONCLUSIONS

If one compares with results of heliseismology, seis-
mology of other stars has not yet been so successful
except for white dwarfs and a few cases of main se-
quence stars. There are several reasons for this:

e Stellar parameters such as mass, age, chemical
composition are not known with enough preci-
sion and must be considered as free parameters.
These free parameters must be determined with
enough precision on the basis of the seismic con-
straints. Only in that case, it can be possible to
probe the internal physics of the star.

e For solar-like stars (a Cen, procyon, n Boo)
there are still uncertainties on the frequency set
and/or mode identification although they can be
identified to some extent with techniques such
as echelle diagrams. However the excited modes
are low degree, high freauency that-is quite re-
dondant.

e For stars other than solar like stars, excited
modes are difficult to identify among the pos-
sible linearly unstable modes for a given star.
Often, their mixed p-g nature and the effect of
fast rotation complicate the frequency pattern.

Hence seismic studies for stars other than the Sun
must be carried out with different tools than for the
Sun. These problems will also exist for seismology
of Corot stars. Problems and prospects related to
rapid rotation was the topic of the present paper.
It is important to realize that the classification of
slow, moderate or fast rotation, when oscillations are
concerned, depends on the rotation rate of the star
and on the frequency range of its excited oscillations,
that-is on the type of stars.

For instance intermediate mass stars such as § Scuti
stars, have their excited frequencies and rotation
rates which yield € in the range 0.1-0.5. Fast rota-
tion corresponds approximatively to €4, ~ 0.2—0.3
The region they fall in the € — p diagram (Fig.24)
shows that for the lowest rotating § Scuti stars rota-
tion can still be treated as a perturbation provided



higher order contributions (O(Q?),0(Q3) and near-
degeneracy (or truncated formulation) rather than
simple perturbation approximation are included.
For the fatstest rotators, on the other hand v >
150km/s, a non perturbative approach is necessary
for quantitative comparison with observations.

For SPB and « Dor stars, although their ritation
rate is small, excited modes are low frequency g-
modes. The consequence is that whereas the cen-
grifugal force can be neglected, p is large (Fig.24)
and the effect of the Corioilis force cannot be treated
as a perturbation (Dintrans, Rieutord, 2000)

For many solar like stars, the rotation is expected
to be slightly larger than for the Sun but they are
still rotating much slower than A-F stars. Excited
modes of solar like oscillators are high frequency p-
modes which are confined to the surface where the
rotation effects are larger. Strictly speaking, val-
ues of € and p are small for these stars. One must
however keep in mind that distorsion effects due to
the centrifugal force linearly increase with frequency
and become significant for high frequency modes
when the required accuracy on the computed fre-
quencies must match that of (CoRoT) observations
For these stars, higher order frequency corrections
due to rotation must be taken into account when
€ > €maz ~ 0.035 — 0.04 (for a 1.4Mg). p is too
small and corrections due to Coriolis are negligible.
As shown in Fig.epsmu, a few stars are located at
the limit € ~ 0.035 — 0.04. As the € — p values have
been obtained for a lower limit of the rotation rate
(ie vsini), it is likely that for some of them including
high order frequency corrections due to rotation will
be necessary.

The hope is that seismology will help to detect local-
ized rotation gradients and a measure of their mag-
nitudes. This will be even more efficient if infor-
mation about the surface rotation rate is available
independently. A large amount of work remains to
be done before seismic studies can be as fruitful as
expected: deeper studies about effect of rotation on
mode visibility, mode identification, mode excitation
and mode selection; studies of fast rotation for real-
istic stellar models, quantitative studies of PMS evo-
lution of the rotation profile and transport of angular
momentum to name a few.
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Figure 22. top: Echelle diagram for a 1.52Mg
model. The frequencies take into account high or-
der effects of rotation. They are computed according
to Eq. 8 and 9. The left patterns are £ = 0 and
£ = 2 modes from left to right and the right pattern
shows the £ = 1,3 modes from left to right. bottom:
Small separations vp 0 — Vn—1,0+2,0 0 function of
the frequency vy, ¢0 for frequencies computed without
rotation effects and including rotation effects (given
by Eq.7) (from Lochard et al. 2006). Differences
between both small separation reach 1.2 uHz for a
rotational velocity of 30 km/s.

v(uHz)

Figure 23. top panel: Recovering the small sepa-

ration free of pollution effects from rotation. Small

separation nu(®), 1 o — V,(ﬁ)‘;?&o (Eq.7) in function

of nu(ObS)nJ,o. The dashed line corresponds to the
small sepration calculated for frequencies without ro-
tation. From bottom to top, the curves correspond to
models with rotation velocity increasing from 0 to 35
km/s bottom panel. Small separations computed

according to FEq.20. The curves now coincide with
the curve obtained for the small separation computed

with frequencies without rotation (from Goupil et al.
2003)
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Figure 24. € — p diagram. top: Color delimitated
areas represent regions in the ¢ — p diagram (Eq.3)
cooresponding to various types of oscillating stars
(from Goupil, Talon 2002). For these stars, ¢ > 0.1
requires second and third order frequency corrections,
€ > 0.3 non perturbative calculation techniques. bot-
tom: Same as the top pannel but for solar like oscil-
lators. Dots represents €, i values for a set of stars
which show solar like oscillations (taken from Goupil,
Barban, 2006): ¢ Oph, £ Hya, o Hya, a Hya, «
Cen A, a Cen B, Procyon, n Boo, u Arae, 8 Vir,
Her. A few among these stars are red giants. Val-
ues for e, u are computed using observed vsini and
the range of detected frequencies from the litterature:
open (full) dots represent mazimum (minimum) val-

ues of .





