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ABSTRACT

We consider the energetic aspects of pulsations in auto-
driven main sequence stars. The problems of the mod-
eling of the coherent interaction between convection and
oscillations and the transfer in the pulsating atmosphere
are discussed. We analyze the driving mechanisms at
the origin of the pulsations in different types of main se-
quence variable stars: the 5 Cephei, the Slowly Pulsating
B (SPB), the § Scuti, the roAp and the + Doradus stars.
We also consider the problem of the determination of the
theoretical amplitude ratios and phase differences, which
is very important for the mode identification.

Key words: Asteroseismology; Convection; 5 Cep; SPB;
4 Sct; roAp; v Dor.

1. INTRODUCTION

It is known that adiabaticity can be reasonably assumed
for the determination of the oscillation frequencies. How-
ever, the oscillations are always completely non-adiabatic
in the superficial layers of a star, where the thermal relax-
ation time is smaller than the pulsation periods. In these
regions, the dynamical and thermal equations for the os-
cillations are coupled and must be solved together. The
solution of these equations can be obtained with a non-
adiabatic pulsation code, allowing the study of energetic
aspects of the oscillations. In particular, the driving of the
modes for classical pulsators can be studied (solar-like
oscillations are not considered here, we refer to Houdek
et al. and Samadi et al., these proceedings). There is the
well known x-mechanism and others associated for ex-
ample with the flux blocking at the base of the convective
envelope. We present a review of these mechanisms in
different types of main sequence variable stars, with spe-
cial stress on the information they give us on the physics
of stellar interiors. Another important field is the inter-
pretation of the amplitudes and phases at the photosphere.
The amplitude ratios and phase differences of magnitude
variations in different photometric passbands or between
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the light and velocity curves can be determined with non-
adiabatic linear computations. The comparison with ob-
servations allows the identification of the degree £ and
gives constraints on the description of the superficial lay-
ers and thermal aspects of the oscillations. These addi-
tional constraints are complementary with those obtained
by classical frequency fitting.

2. NON-ADIABATIC MODELS

In the full non-adiabatic case and in the linear approxi-
mation, the oscillation modes are the solutions of a com-
plex eigenvalue problem of the 6th order (neglecting here
non-locality). The equations to be solved are the per-
turbed equations of mass, momentum and energy con-
servation, the perturbed Poisson and transfer equations.
Two difficult problems in this framework are the mod-
eling of the perturbed convective quantities (convective
flux, Reynolds stress, ...) and the transfers in the pulsat-
ing atmosphere. We summarize here these two problems
and propose some solutions.

2.1. Convection-oscillations interaction

There are different approaches for the study of the
convection-pulsation interaction. First, 3D hydrodynam-
ical simulations can be performed. All motions, and thus
in particular the acoustic modes are present in the tur-
bulence spectrum. Hence, the analysis of such simula-
tions could enable us in principle to study the energet-
ics of the oscillations inside a convective zone. How-
ever, these simulations (e.g. Stein & Nordlund 1998) are
highly computer time consuming and are restricted to the
thin upper part of the convection zone. At present they
enable us to study only the incoherent contribution of the
convection to the oscillations energetics. As an exam-
ple, they can be used to determine the power injected in
the acoustic modes for stochastically excited oscillators
(Samadi et al. 2003).

But the damping rates of the modes in solar-like oscilla-
tors or their growth rates in auto-driven oscillators (¢ Sct,
7 Dor stars, ...) as well as the amplitude and phases
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cannot be determined by this approach. The only present
way to determine these quantities is throughout an ana-
lytical perturbative approach.

As the study of the coherent interaction between convec-
tion and oscillations is a difficult problem, an approxima-
tion which is often adopted is the frozen convection. It
must be stressed that there are different ways to freeze
the convection: neglecting the Lagrangian or Eulerian
variations of the convective flux, the convective luminos-
ity, or the divergence of the convective flux ... The frozen
convection approximation is a reasonable approximation
when the time scale of most energetic convective motions
is larger than the pulsation periods, but this is never the
case in the whole convective envelope.

As this approximation is not justified in many cases,
Time-Dependent Convection (TDC) treatments have
been derived for the modeling of the coherent interac-
tion between convection and oscillations. In these ap-
proaches, the acoustic and convective motions are sepa-
rated by assuming that the first have much larger wave-
lengths than the last ones in the spectrum of turbulence.
Examples of TDC theories are those of Gough (1977) and
Gabriel (1996) which are based on the Mixing-Length
(ML) approach, and the theory of Xiong (1997) which
is more sophisticated.

The theory of Gabriel (1996) is the only one valid for
non-radial modes and we consider it with more details in
this paper. As usually in the study of turbulence, the dif-
ferent physical quantities are separated into a mean part
and a convective fluctuation part. We obtain then hydro-
dynamic equations for the average medium and for the
convective fluctuations. The perturbation of the mean
equations gives the linear equations for the non-adiabatic
oscillations. But in these equations appear unknown per-
turbed correlation terms: the perturbations of the convec-
tive flux, the Reynolds stress tensor and the dissipation
rate of turbulent kinetic energy into heat. These terms
are obtained by perturbing the equations for the convec-
tive fluctuations. In order to have as much equations as
variables, it is necessary to add some closure equations.
In the mixing-length approach, the problem is closed im-
mediately by introducing an had-hoc life-time of the con-
vective elements 7. We refer to Grigahceéne et al. (2005)
(GO5) and paper II of Dupret et al. (these proceedings)
for more details on the underlying equations.

In the stationary case, this approach leads to the classical
MLT equations adopted in most of the stellar evolution
codes. The things are however more complex when we
consider the perturbation of turbulence due to the oscil-
lations. The problem is that all the turbulence cascade is
hidden behind the closure terms and their perturbation is
subject to large uncertainties, these questions are detailed
in GO5 and paper II. Another important problem is the
modeling of the non-local nature of turbulence. It must
be stressed that in some cases such as solar-like oscil-
lations, the non-locality affects strongly the results (see
the other papers of Dupret et al.,these proceedings, and
Balmforth 1992). Finally, differential equations can be

obtained relating the perturbed convective quantities such
as the convective flux and the turbulent pressure to the
usual eigenfunctions (perturbations of entropy and pres-
sure, displacement, ...). These equations are substituted
in the general system for the linear non-adiabatic stellar
oscillations, and the full problem can be solved with a
non-adiabatic pulsation code.

2.2. Transfer in the pulsating atmosphere

The non-adiabatic modeling of the transfers in the pulsat-
ing atmosphere is also a difficult problem. The perturbed
radiative flux can no longer be obtained using the diffu-
sion approximation In all generality we would have to
perturb and solve the full transfer equations for all wave-
lengths. Some approaches have been proposed, but they
are still too complex to be implemented in non-adiabatic
pulsation codes.

To avoid these difficulties, simpler approaches have been
proposed. The simplest is to solve the problem in the
interior only, using the diffusion approximation, and to
impose as thermal boundary condition at the photosphere
(r=2/3): 6F/F = 46T /T. But this is a very crude ap-
proximation as it neglects the significant variation of the
optical depth at the photosphere. Another approach is to
adopt a perturbed form of the Eddington approximation
in the atmosphere (see e.g. Saio & Cox 1980). Finally,
another simple approach was proposed by Dupret et al.
(2002). The main idea is that the thermal relaxation time
of the atmosphere (some seconds) is much smaller than
the typical pulsation periods. Hence it can be assumed
in good approximation that the atmosphere will keep the
same thermal structure as equilibrium atmosphere mod-
els. We obtain then the following equations:
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Eliminating 67 between these two equations gives a new
differential equation to be used instead of the perturbed
diffusion equation. A big advantage of this treatment is
that it can be used with any type of atmosphere model
(e.g. Kurucz 1993). We refer for example to the paper of
Baudin et al. (these proceedings), where non-adiabatic
computations were performed using the VAL solar at-
mosphere model including the very superficial chromo-
spheric layers with increasing temperatures towards the
surface.

The perturbed treatment adopted in the atmosphere af-
fects mainly the determination of the theoretical ampli-
tude ratios and phase differences at the photosphere. The
driving of the modes is less sensitive to this treatment, at
least for stars in which sufficiently deep layers (Fe, Hell
partial ionization zones) play the major driving role.
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3. DRIVING MECHANISMS

Non-adiabatic computations allow the study of the driv-
ing mechanisms of the modes. In the linear formalism,
the time dependence of a pulsation mode is of the form
e"tiot where 1 is the growth or damping rate of the
modes (positive for overstable modes, negative for sta-
ble ones). In this section, we discuss the physical mech-
anisms determining 7 and thus the vibrational stability of
pulsation modes.

3.1. k-mechanism

7 is the solution of an integral expression. For the sake
of clarity of the discussion, we begin with a simplified
expression obtained in the quasi-adiabatic case, for a ra-
dial mode, neglecting time-dependent convection and the
perturbation of nuclear reactions:

M or doL
_ P _ 1 o T dm 3)
T 72502 T T 2002 ) ’
/ & dm
0

where P is the mean power performed by the system,
T is the inertia of the mode and 027 the energy of the
mode. From Eq. (3), we see that the regions where 0L
is decreasing outwards at the hot phase (67" > 0) have a
driving effect on the stellar pulsations. When this occurs,
the pulsating star can be compared with a heat engine,
we have a motor thermodynamic cycle in which energy
is taken by the system at the hot phase and released at the
cold phase. On the contrary, the regions where 0L is in-
creasing outwards at the hot phase have a damping effect.
For a radial mode and a frozen convective luminosity, the
perturbed luminosity is given by:

5L & 0T ox _ 8oT/or
T L( +3T fc+dT/dr)'(4)

This enables us to understand the well known k-
mechanism. We focus on the opacity term —dk/x which
plays in general a dominant role on the variation of the
luminosity. In the quasi adiabatic approximation, we can
write:

ok _ oP (F3 — I)HT + Kp oP
= kps 5 = T, i Q)

In usual circumstances (e.g. Kramers opacity law, com-
plete ionization) we have kpg ~ —0.8. Since 6P/ P is
generally increasing outwards at the hot phase, the con-
tribution of —dk/k in Eq. (4) implies that 6L /L is in-
creasing outwards at the hot phase, which has a damping
effect on the pulsation.

However, in the superficial layers of a star, large opac-
ity bumps are present in the regions of partial ioniza-
tion. In parts of these regions, Kpg is increasing very
steeply outwards and can take positive values. Therefore,
in these regions, the contribution of —dx/x implies that
0L/L is decreasing outwards at the hot phase, the en-
ergy is blocked because of this opacity variation, and this
has a driving effect on the pulsations. This mechanism is
called the xk-mechanism. We note that the adiabatic expo-
nent I'; drops in these partial ionization zones, and this
can also affect the driving mechanism, called in this case
k-y-mechanism. The k-mechanism is efficient when a
partial ionization zone is located exactly in the transition
region where the thermal relaxation time is of the same
order as the pulsation period. The conjunction between
these two zones determines the exact location of the in-
stability regions throughout the HR diagram.

3.2. Role of time-dependent convection (TDC)

When TDC is taken into account, the integral expression
for the mean power is more complex. For radial modes,
it has the following form:

/(1"3—1 {6p d(6LR+6L)}dm
dm
—/ a%{%%}dm
0 p P

+/m(1“3—1)ére{5” 6(2+V Vp)}dm ©6)
0 p P

In this expression, different new terms appear. In addition
to the radiative luminosity variations (6 Lgr) discussed in
previous section, we see the role played by the convective
luminosity variations (0 L.) the turbulent pressure varia-
tions (dpy) and the dissipation rate of turbulent kinetic
energy variations. This last term takes the following ex-
pression for isotropic turbulence:

m{éia(2+vvp>}_§og{5i‘sﬁ}. %)
p p 2 PP

We see from this equation that the perturbation of turbu-
lent pressure (in the movement equation) and the pertur-
bation of dissipation rate of turbulent kinetic energy (in
the energy equation) have opposite effects on the work
integral and thus on the excitation and damping of the
modes. In particular, if the gas is completely ionized and
radiative pressure is negligible, we have I'3 — 1 ~ 2/3
and the two terms compensate exactly. Therefore when
the perturbation of the turbulent pressure is taken into ac-
count, the other terms should also be included and may
not be neglected a priori. The variations of the non-
diagonal components of the Reynolds stress tensor can
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play also some role in the driving or damping, but we do
not give here the expression for these terms (see Gabriel
1987). The weight of the different terms in Eq. (6) de-
pends on the characteristics of the convection zone and
the TDC theory adopted. We note for example that Balm-
forth (1992) and Houdek (2000) showed that the turbulent
pressure variation plays the major role for the damping
of the modes, using the TDC theory of Gough (1977).
But we do not get the same conclusion with the TDC
treatment of Gabriel (1996), as shown by Dupret et al.
(2005a).

4. PHOTOMETRIC AMPLITUDES AND PHASES
AND MODE IDENTIFICATION

A crucial problem for the seismic study of auto-driven
pulsators is the mode identification. First because, from a
theoretical point of view, despite the linear non-adiabatic
predictions, the mode selection mechanisms are not well
understood for all the stars considered here. Second, be-
cause from an observational point of view, we do not re-
solve the disks of stars other than the Sun so that we can
only observe disk-integrated quantities. Third, the rota-
tional splittings and the “avoided crossing” effect produce
such a complicated power spectrum that a mode identi-
fication based on the frequencies alone is generally im-
possible. It is thus essential to derive and improve mode
identifications methods based on other observables, cur-
rently both spectroscopic and photometric techniques are
being used. The latter methods are based on multi-colour
photometry, and we consider them here with more details
because they are closely related to energetic aspects of
the oscillations.

The principle of these methods is to observe the photo-
metric variations due to stellar oscillations in different
colours and compare them to the theoretical predictions
at the appropriate wavelengths (see e.g. Watson 1988,
Garrido 2000). Some approximations are required to ob-
tain a theoretical expression for the magnitude variations
of pulsation modes:

al) The coupling of modes due to the interaction be-
tween rotation and pulsation is neglected. The an-
gular dependence of a non-radial mode is thus de-
scribed by a single spherical harmonic.

a2) It is assumed that the visible part of the star, i.e. the
photosphere, can be described by a single surface
which is spherical at equilibrium. During the pulsa-
tion, it is assumed that the geometrical distortion of
this surface follows the movement of the matter.

a3) It is assumed that, during the pulsation cycle, the
atmosphere adapts quasi-instantaneously its thermal
and radiation structure to the changes due to the os-
cillations. Hence, the monochromatic outwards flux
F) and limb darkening law hjy of the local atmo-
sphere are assumed to be, for each given time, the

same as those of an equilibrium plane parallel at-
mosphere model with orientation deduced from the
geometrical distortion (a2).

With these assumptions, an integration over the visible
stellar disk can be performed analytically (Dziembowski
1977b, Stamford & Watson 1981), leading to the follow-
ing expression for the monochromatic magnitude varia-
tions corresponding to a non-radial mode:

B 2.5
In10

( — ((—1)(£+2) cos(ot)
+ fr COS(Ut +1/)T) (OAT)\ + ﬁTA)
— fy coslat) (agr + Br) ), ®)

omy = € P/"(cost) bgx

In Eq. (8), the term proportional to (¢ — 1)(£ + 2) cor-
responds to the influence of the stellar surface distortion,
the term proportional to fr corresponds to the influence
of the local effective temperature variation and the term
proportional to f, corresponds to the influence of the lo-

cal effective gravity variation. by = fol hapPrdp,
where Ay is the limb-darkening law. oury, agx, B and
Bgx are logarithmic derivatives of the outward flux and
bex with respect to the effective temperature and gravity.

We stress two quantities in Eq. 8: the amplitude (fr) and
phase (1) of effective temperature variation for a nor-
malized radial displacement. The important point is that
they can only be determined by full non-adiabatic com-
putations. The linear theory does not allow us to predict
the amplitudes of the eigenfunctions. Therefore, it is ap-
propriate to use amplitude ratios and phase differences
between different filters when comparing theoretical pre-
dictions and observations. This comparison enables us
to identify the degree ¢ of the pulsation modes, but also
to constrain fr and 7. Their knowledge enables us to
probe energetic aspects of the oscillations and the physi-
cal description of the superficial non-adiabatic layers, as
shown in the next section for different types of stars.

5. APPLICATIONS

5.1. f3 Cephei stars

5.1.1.  Driving mechanism

B Cephei stars are B0-B2.5 type multiperiodic pulsators
with periods going from 3 to 8 hours. They are excel-
lent targets for asteroseismology, as shown by Aerts (this
conference).

The driving mechanism at the basis of the excitation of
the 8 Cephei low order p and g-modes was explained
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Figure 1. opacity derivative kpg = Olnk/0InP|g
(top), amplitude of luminosity variation |0L/L| (middle)
and scaled work derivative —dW /dlogT (bottom), as a
function of the logarithm of temperature, for the funda-
mental radial mode of a 5 Cep model with M = 9.5 M,
Ter = 21750 K andlog(L/Lg) = 3.877.

for example by Cox et al. (1992) when the new OPAL
opacity tables (Iglesias & Rogers 1996) became avail-
able. These new computations lead to a significant in-
crease of the opacity at temperatures around 200.000 K
(logT ~ 5.3) where a huge amount of iron transition
lines are present. Non-adiabatic computations show that
the significant opacity bump in this region leads to a clas-
sical k-mechanism driving the oscillations. As the transi-
tion region for low order p-modes and g-modes is exactly
located in this region for the hot 8 Cep stars, these modes
are excited by this mechanism and no others.

We illustrate this driving mechanism in Fig. 1. In the
transition region (logT =~ 5.3), kpg is increasing out-
wards (top panel). As a consequence the luminosity vari-
ation decreases outwards (middle panel) and the energy
is periodically blocked at the hot phase of pulsation. This
energy is converted in positive mechanical work (bottom
panel), which drives the oscillations. We note that the
work curve in the bottom panel has been scaled in such
a way that the area beneath the curve is the dimension-
less growth rate. The region where it is positive (resp.
negative) are driving (resp. damping) the oscillations.

Some important observational facts questioned recently
our knowledge of the driving mechanism of # Cep
modes. First, recent large multi-site campaigns, as for

no diff Z*100-1

log(T)

Figure 2. Comparison of opacities for a f Cep model
with constant Z = 0.0122 (solid line) and with diffu-
sion and accumulation factor x = 4 (dashed line). The
values of 100 Z — 1, showing the accumulation of met-
als in the different layers are given at the bottom. Mod-
els with M = 10 Mg, X = 0.7392, Teg = 23440 K,
log(L/Lg) = 3.897.
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Figure 3. Evolution of frequencies [uHz] versus the cen-
tral hydrogen mass fraction X for 8 Cep models with
M =10Mg and X = 0.7392. Full (resp. empty) sym-
bols correspond to unstable (resp. stable) modes. The
top panel is for models with constant Z = 0.0122, the
bottom panel is for models with diffusion and accumula-
tion factor x = 4 (same initial Z). Figure from Bourge
& Alecian (2006).
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example for the star v Eridani (Handler et al. 2004),
lead to the detection of many pulsation modes (see Aerts,
these proceedings). Second, 3 Cep stars were recently
discovered in the Large Magellanic Cloud (LMC) (Ko-
laczkowski et al. 2004). The driving of some of these
modes in the first case and of all the modes in the second
is not explained by standard models with constant metal-
licity.

As the driving of the modes is associated with the iron
opacity bump, we can search the answer in the metal-
licity. A first well known effect is that increasing the
metallicity increases significantly the number of unsta-
ble modes and the size of the S Cephei instability strip
(see Pamyatnykh 1999, Dupret 2002). However, global
changes of the metallicity do not give the solution. Metal-
licities much larger than the spectroscopic values ob-
served at the surface would be required. The problem
is striking in the LMC where the surface metallicities are
around Z = 0.008. Constant Z models with so small
metallicities do not explain at all the driving of the 3 Cep
modes.

Hence, additional effect(s) must be invoked to explain
these observational facts. Following a basic idea of Cox
et al. (1992), a promising effect that we consider here is
the settling of heavy elements due to the conjuncted effect
of microscopic diffusion, radiative forces and winds. Re-
cent works by Bourge et al. (2006) and Bourge & Alecian
(2006) show that a significant iron accumulation in the
driving region can be expected due to these effects. This
accumulation affects the iron opacity bump. This can be
seen in Fig. 2, where we compare the opacities of 3 Cep
models with constant Z and with metal enhancement in
the driving region. The metal enhancement adopted here
results of a parametric approach reflecting the profile ex-
pected from diffusion (linear extrapolation of elements
flux), according to the definition of Bourge & Alecian
(2006). Such differences of opacity modify strongly the
driving of the modes. This is shown in Fig. 3, where
we compare the stability of the modes obtained with and
without metal enhancement. Many more modes are ex-
cited in the models with metal enhancement in the driving
region. Such effects are sufficient to explain the driving
of all modes of stars such as v Eri and the 8 Cep of the
LMC.

5.1.2. Photometric amplitudes and phases

In the case of 5 Cep stars, the temperature-displacement
phase-lag ¢ is close to the adiabatic 180°. The com-
parison between the theoretical and observed multi-color
photometric amplitude ratios is in general very success-
ful: it allows the identification of the degree £ of the
pulsation modes and constraints can be obtained on fr
(see e.g. Dupret et al. 2003, 2004c; de Cat et al. 2006).
In 8 Cep stars, fr is very sensitive to the metallicity in
the driving region. This can be understood as follows:
increasing the metallicity makes the k-mechanism more
efficient, hence the luminosity variation drops more in

log(Tegp)
4.16 4.15 4.14 4.13 412 410  4.08

Period (d)
w

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Age (My)
log(Tegy)

4.16 4.15 414 413 4.12 410 4.08

Period (d)
)

A

;
n
L

L

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
Age (My)

Figure 4. Periods of predicted SPB-type unstable g-
modes of degree £ = 1 (top) and £ = 2 (bottom) along a
4 Mg, Z = 0.02 evolutionary sequence (from ZAMS to
TAMS).

the driving region (see Egs. (3) and (4)). As 6L/L =
4f + 20r [r at the photosphere, this leads to smaller val-
ues of fr. Hence, constraints on the metallicity can be
obtained by comparing the theoretical and observed am-
plitude ratios, as shown by Dupret et al. (2003, 2004c) for
the stars 16 Lac and HD 129929. We stress also the im-
portant work of Daszyriska et al. (2002) who showed that,
in rapid rotators, the rotational coupling of the modes
complicates a lot a correct interpretation of the observed
amplitude ratios.

5.2. Slowly Pulsating B stars
5.2.1. Driving mechanism

The slowly pulsating B stars (SPB) are multiperiodic B3-
B8 type main sequence stars with periods typically be-
tween 1 and 4 days corresponding to high order grav-
ity modes (see Aerts, these proceedings). The driving
mechanism at the basis of the excitation of the SPB g-
modes is very similar to the one of the 8 Cep stars, as
first explained by Dziembowski et al. (1993). Again, it
is a k-mechanism associated with the iron opacity bump
around 7' = 200.000 K. But this opacity bump is lo-
cated deeper compared to the 8 Cep, because the SPB
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are colder. Hence it coincides with the transition region
for the high-order g-modes, and these modes are excited
instead of the 8 Cep p-modes. As shown in Fig. 4, non-
adiabatic theoretical models predict unstable modes with
the appropriate range of period compared to observations.
The period of unstable modes decreases with the degree
£, as generally expected in g-modes for which the eigen-
functions are essentially function of 02 /(£(£ + 1)). The
number of predicted unstable modes is generally much
larger than the number of observed frequencies in typical
SPBs. But we emphasize the remarkable recent observa-
tions of the SPB star HD 163830 with the MOST (Mi-
crovariability and Oscillations of STars) satellite, which
lead to the detection of about 20 frequencies (Aerts et
al. 2006), indicating that many of the predicted unstable
g-modes are present, but with smaller amplitudes. The
observed instability strips is well reproduced by the theo-
retical models (Pamyatnykh 1999). For the same reasons
as in the B Cep models, the driving of the SPB g-modes is
very sensitive to the iron abundance. Iron accumulation
due to the effect of radiative forces is expected to affect
the period range of unstable modes. First works in this
direction have been done by Miglio et al. (private com-
munication), following a parametric approach for the iron
enhancement.

Finally, works by Townsend (2005) including in non-
adiabatic computations the effect of the Coriolis force (in
framework of the “traditional approximation”) indicate
that rotation shifts the theoretical SPB instability strip to-
wards higher luminosities and effective temperatures and
broadens its extent.

5.2.2. Photometric amplitudes and phases

In SPB stars, 97 is close to the adiabatic value 0° (g-
modes). The comparison between the theoretical and ob-
served multi-color photometric amplitude ratios allows
often a successful identification of £ (see e.g. Dupret
et al. 2003; de Cat et al. 2005, 2006). In most of the
cases, the modes detected in photometry are identified as
£ = 1 modes. No £ = 3 modes have been photometri-
cally detected and identified, in agreement with theoret-
ical expectations (Townsend 2002). As in 3 Cep stars,
the non-adiabatic theoretical predictions are sensitive to
the metallicity, but to a smaller extent and the uncertain-
ties are still too large to give strong constraints on it. The
coupling of the spheroidal modes due to rotation is ex-
pected to be significant in these stars, because the rotation
periods can be of the same order as the pulsation ones;
and this could affect strongly the amplitude ratios. A
method for the determination of the theoretical amplitude
ratios, including this rotational coupling in the framework
of the “traditional approximation” has been proposed by
Townsend (2003). This study shows that, for all apart
from prograde sectoral modes, the Coriolis force acts to
trap the oscillation within an equatorial waveguide. As
a consequence, unless viewed from near the poles, the
variability of rapid rotators is predicted to be very small.

5.3. 4 Scuti stars
5.3.1. Driving mechanism

0 Scuti stars are well known pulsating stars at the inter-
section region between the classical instability strip and
the main sequence, their typical periods range from 0.5
to 6 hours. The driving mechanism of their low order p-
modes is well known: it is a k-mechanism occurring in
the second partial ionization zone of Helium as for other
stars of the classical instability strip (RR Lyrae, classical
cepheids).

The location of the blue edge of the instability strip is
well explained by this mechanism. For models inside the
instability strip, the Hell partial ionization zone coincides
with the transition region for low order p-modes and these
modes are driven by the k-mechanism. For hotter models,
the Hell ionization zone is in more superficial layers and
its driving effect on low order p-modes is smaller than the
damping induced by deeper layers.

It is more difficult to explain the existence of a red edge to
the instability strip. The key point is that towards the red
side of the instability strip and for solar-calibrated values
of the mixing-length parameter, the two thin convective
zones associated with the Hell and H partial ionizations
merge in a single larger convective envelope.

As mentioned in Sect. 2.1, an approximation frequently
adopted in non-adiabatic modelling is to freeze the con-
vection. However, this approximation is not acceptable
towards the red side of the instability strip because in
a significant part of the convective zone the time-scale
associated with most energetic convective elements is
smaller than the pulsation periods. As shown by Dupret et
al. (2005a), in the frozen convection case, a flux blocking
mechanism at the base of the convective envelope (com-
parable with the ¥ Dor case) takes the counterpart of the
k-mechanism and continues to drive the oscillations, so
that no red edge is predicted with these models.

TDC treatments (see Sect. 2.1 and 3.2) are required and
have been applied by different authors to explain the ex-
istence of the red edge of the § Scuti instability strip.
Houdek (2000) studied the convective effects on radial
p-mode stability in § Sct stars, using the TDC treatment
of Gough (1977), together with the non-local treatment
of Balmforth (1992). Xiong et al. (2001) obtained a the-
oretical red edge for radial modes, using the non-local
TDC theory of Xiong et al. (1997). Dupret et al. (2004a,
2005a) succeeded obtaining a theoretical red edge for ra-
dial and non-radial modes, using the TDC treatment of
Gabriel (1996) and Grigahcene et al. (2005).

We show in Fig. 5 the theoretical instability strips ob-
tained for radial modes by Dupret et al. (2005a) and the
red edges obtained by Xiong et al. (2001) and Houdek
(2000) for the fundamental radial mode. The small points
are the position of the & Sct stars of the Rodriguez et
al.  (2000) catalog, their effective temperatures were
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Figure 5. Blue and red edges of the 6 Sct theoretical IS.
The lines are the TDC results obtained by Dupret et al.
(2005a), for radial modes from p1 to pr, for models with
a = 1.8. The small points correspond to observations.
The empty and full bullet correspond to the red edges ob-
tained by Xiong et al. (2001) (®) and by Houdek (2000)
(®) for the fundamental radial mode.

obtained using the calibrations of Moon & Dworetsky
(1985).

In these different TDC treatments, it appears that the
weight of the different terms appearing in Eq. (6) is dif-
ferent. For example, Houdek (2000) finds that the major
contribution to the damping of the modes comes from the
turbulent pressure variations, while Dupret et al. (2005a)
find that the dissipation rate of turbulent kinetic energy
variation counterbalances the effect of turbulent pres-
sure variations and the main contribution to the damping
comes from the convective flux variations. These differ-
ences indicate that still much work has to be done to un-
derstand the details of the damping mechanisms towards
the red side of the instability strip.

5.3.2. Photometric amplitudes and phases

Mode identification is a crucial but difficult problem in
§ Sct stars. In these stars, both fr and 7 are very
sensitive to the non-adiabatic prescriptions and the de-
tailed physical description of the superficial convective
zone. Because of the uncertainties in the determination
of these non-adiabatic quantities, they were considered
for many years as free parameters for the comparison
with observed multi-color photometric amplitude ratios
and phase differences (Garrido 2000). But the reliabil-
ity of the mode identification is much reinforced when
full non-adiabatic computations are performed. Balona &
Evers (1999) and Daszynska et al. (2003) proceeded so,
using the non-adiabatic code of Dziembowski (1977) in
which the diffusion approximation is assumed. Dupret et
al. (2003) and Moya et al. (2003) included the improved
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Figure 6. Evolution of the phase-lag 1)t as a function
of Tegr, for the fundamental radial mode, obtained with
TDC and FC non-adiabatic models with M = 1.8 Mg
and different q.

perturbed atmosphere modeling of Dupret et al. (2002)
in their computations. All these authors showed that, for
0 Sct stars the non-adiabatic theoretical predictions are
very sensitive to the value adopted for the Mixing-Length
(ML) parameter o. The use of the convection theory of
Canuto et al. (1996) has also been considered: Barban
et al. (2003) computed new limb-darkening coefficients
based on the atmosphere models by Heiter et al. (2002),
and Dupret et al. (2004b) considered the inclusion of
these new atmosphere models in their non-adiabatic com-
putations. In all the above studies, a Frozen Convection
(FC) approximation has been adopted.

Dupret et al. (2005c) applied for the first time a TDC
treatment (Gabriel 1996; Grigahcene et al. 2005) to the
determination of the photometric amplitude ratios and
phase differences in § Sct stars. Fig. 6 compares the
phase-lags predicted by FC and TDC non-adiabatic mod-
els, for different Ter. We see that they are very different
towards the red side of the instability strip; the explana-
tion is given by Dupret et al. (2005¢, Sect. 3). These au-
thors show also that the amplitude ratios and phase differ-
ences predicted by TDC models much better agree with
observations than the FC ones, particularly towards the
red side of the instability strip. Hence, using TDC mod-
els allows a secure identification of the degree ¢ of the
modes, and opens the way to realistic seismic studies of
4 Sct stars

5.4. roAp stars

roAp stars are pulsating stars known for their chemical
peculiarities, strong magnetic fields and rapid oscillations
(periods between 4 and 16 min.). They present a very
high interest for asteroseismology, giving a unique oppor-
tunity to probe the role of a strong magnetic field and its
interaction with oscillation in stellar interiors, as shown

© European Space Agency ¢ Provided by the NASA Astrophysics Data System


http://adsabs.harvard.edu/abs/2006ESASP.624E..29D

WSP_6Z4E_ 20D

JUBES

rz

T T T T T T 1 T T T T T T

St ind (M =12.10-4Mg yrs™
sl No wind 1 ronger wind (i oyrs™)

0.8 - 4 o+ 7

HHe* Her

04 -

1
-12 -10 -8 -8 -4 -2 6
log (dM/M) log (dM/M)

Figure 7. He profiles versus the outer mass fraction,
for 1.8 Mg models at different evolutionary stages from
ZAMS to TAMS. Left panel is for models without winds
and right panel for models with wind. Figure from
Théado & Cunha (2006).

in the review of Kurtz (these proceedings).

The main driving of the roAp high order p-modes occurs
in the H partial ionization zone , because it coincides with
the transition region for these modes and the eigenfunc-
tions amplitudes are too small in deeper layers. To ex-
plain the driving of the roAp modes, we first have to con-
sider the effect of the magnetic field.

Works by Gough & Tayler (1966) and Balmforth et al.
(2001) indicate that the strong magnetic field present
near the magnetic poles of roAp stars possibly suppresses
convective motions. Hence, a chemical stratification of
elements is possible in the superficial regions due to
the effects of microscopic diffusion and radiative forces.
Théado & Cunha (2006) studied recently the combined
effect of Helium settling and winds on the driving of
the roAp modes. As shown in the left panel of Fig. 7,
in models without winds, He simply sinks and the par-
tial ionization zones of H and He become rapidly poor
in helium and rich in hydrogen. As a consequence, the
k-driving of the roAp high-order modes is reinforced in
the H ionization zone. But the xK-mechanism becomes in-
efficient in the Hell partial ionization zone and thus the
& Sct-type low-order p-modes are stabilized (this effect
was also studied by Balmforth et al. 2001). When a wind
competes with He settling, helium accumulates in the Hel
partial ionization zone. In this case, the roAp high-order
modes are still excited, but the k-driving in the Hell par-
tial ionization zone is efficient enough to excite § Sct-type
low-order p-modes.

Strong magnetic fields induce also a coupling of the
spheroidal modes, throughout the action of the Lorentz
force in the pulsation equations (see e.g. Saio & Gautschy
2004). A full non-adiabatic analysis was recently per-
formed by Saio (2005), taking this coupling of the modes
into account in a non-perturbative way (spherical har-
monics expansion method with up to 12 components for
each variable). He used models without diffusion and
convective envelope. One result of this study is that the
& Sct-type low-order p-modes and the radial high-order
p-modes excited in the absence of magnetic field are sta-
bilized if the polar strength of the dipole magnetic field is

larger than about 1 kG.

We emphasize that no § Sct-type low-order p-modes are
detected in roAp stars, this indicates that the interaction
with magnetic field plays an effective role in the driving
and damping of the modes and that no strong winds lead-
ing to He accumulation are present in roAp stars.

5.5. -~y Doradus stars
5.5.1. Driving mechanism

Just at the right and partially inside the instability strip
of § Scuti stars, a new class of variable pulsating stars
was discovered about 10 years ago: the v Doradus stars.
These stars have long periods (between 0.35 and 3 days)
corresponding to high-order gravity modes.

The driving mechanism of the v Dor gravity modes has
been a matter of debate during the last decade. A key
point is that the transition region where the pulsation pe-
riods of high order g-modes are of the same order as the
thermal relaxation time is near the bottom of the Con-
vective Envelope (CE) in vy Dor stars. This lead Guzik
et al. (2000) to explain as follows the driving of the
~ Dor g-modes. The radiative luminosity drops suddenly
at the bottom of the convective zone. Therefore, at the
hot phase of pulsation, the increasing energy flux coming
from below the convection zone cannot be transported by
radiation inside it. If we admit that the convective flux
does not adapt immediately to the changes due to oscil-
lations, the energy is thus periodically blocked in this re-
gion and transformed in mechanical work leading to the
oscillations (see Eq. (3)).

Guzik et al. (2000) used the Frozen Convection approx-
imation in their non-adiabatic models. In a very thin re-
gion near the bottom of the convection zone, the life-time
of the convective elements is larger than the pulsation
periods and the FC approximation is acceptable there;
but it is the contrary in the rest of the convection zone.
Hence, it is crucial to determine the exact role played by
Time-Dependent Convection (TDC) in the driving mech-
anism of 7y Dor stars. This role was studied by Dupret et
al. (2004a, 2005a), using the TDC treatment of Gabriel
(1996) and Grigahcene et al. (2005). This treatment takes
the time-variations of the convective flux (6F‘c), the tur-
bulent pressure (dp¢) and the dissipation rate of turbulent
kinetic energy (de2) into account.

In Fig. 8, we give the total work integral (curve 7) ob-
tained with our TDC treatment for a typical ¥ Dor g-mode
and a structure model with M = 1.6 Mg, Ter = 6935 K,
log(L/Lg) = 0.96 and o = 2. Regions where the work
integral increases (resp. decreases) have a driving (resp.
damping) effect on the oscillations. It is normalized in
such a way that the surface value is the dimensionless
growth-rate: 1 /R3/GM. We also give in this figure
the contributions of different TDC terms, according to
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Eq. (6). In particular we give the contributions of the ra-
dial and transversal components of the radiative and con-
vective flux perturbations. We see that significant driving
occurs at the CE base for the mode £ = 1, g5¢ (Curve
7). Decomposition in radiative and convective flux con-
tributions shows that the convective flux variations do not
play a significant role at the CE base (Curve 3). The main
driving comes from the radiative flux variations (Curve
1) which supports the flux blocking mechanism proposed
by Guzik et al. (2000). We see also in Fig. 8 that the
transversal components of radiative and convective flux
variations (Curves 2 and 4) do not play a significant role
in the work integral, due to the fact that the horizontal
wavelength (r/(£(£ + 1))) is much larger than the scale
heights of the different physical quantities in the super-
ficial layers of the star. The contribution of dp; and ey
on the work integral are given in Curves 5 and 6 respec-
tively. We see that these terms have an opposite effect, so
that the work integral that includes all the perturbed con-
vection terms is close to the one with only the perturbed
convective flux.

In Fig. 9, we show the periods range of the unstable
modes predicted by our TDC models as a function of
the effective temperatures for main sequence models of
1.6 My with Mixing-Length (ML) parameter o = 2
and £ = 1 modes. The periods range and the effective
temperatures for the unstable g-modes are in agreement
with the typical observed periods in 7y Dor stars for this
value of a. As for the SPB stars, the predicted number
of unstable g-modes is much larger than what is typically
observed in v Dor stars. But we expect the number of
detected modes to be significantly increased in the forth-
coming years, thanks to observations from space with e.g.
COROT.

Theoretical instability strips for the v Dor g-modes have
been computed by Warner et al. (2003) using FC treat-
ment and by Dupret et al. (2004a, 2005a) using the
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Figure 9. Periods (in days) of the unstable gravity modes
as a function of Teg obtained for TDC models of 1.6 M
with o« = 2. Each cross corresponds to a given £ = 1
mode.

Gabriel’s treatment. A good agreement with the observed
instability strip can be obtained for MLT parameter o ~ 2
(near the solar calibrated value). As shown by Dupret et
al. (2004a, 2005a), the theoretical instability strip is dis-
placed towards lower effective temperatures when « is
decreased, simply because the size of the convective en-
velope (key point for the driving) is directly related to a.

The stability of high-order g-modes at the red side of the
« Dor instability strip and of the modes of intermediate
radial order (modes with periods between 0.15 and 0.8
days in Fig. 9) is explained by a radiative damping mech-
anism occurring in the g-mode cavity. More precisely, in
these two cases, the eigenfunctions have spatial oscilla-
tions with large amplitudes in the g-mode cavity. Hence,
the radiative damping in this region is much larger than
the excitation near the base of the convective envelope.
We refer to Dupret et al. (2005a) for more details about
this damping mechanism.

As a summary, the g-mode cavity always has a stabiliz-
ing (damping) influence, while the flux blocking at the
bottom of the CE has a destabilizing (driving) one. The
balance between these two mechanisms explains the ex-
act location of the ¥ Dor instability strip.

Finally, we emphasize that our TDC models predict the
existence of stars having simultaneously unstable high-
order gravity modes of 7y Dor type and unstable low-order
p-g modes of § Sct type. The detection of stars with such
hybrid behaviour would present a very high interest for
asteroseismology: their high-order g-modes would en-
able us to probe the very deep layers of the star and their
low-order p-g modes would enable us to probe the inter-
mediate and superficial layers. Much observational effort
has been performed to detect such hybrid stars and two
have been discovered: HD 209295 (Handler et al. 2002)
and HD 8801 (Henry & Fekel 2005). We refer to Gri-
gahcene et al. (2006) for more details about this aspect.
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5.5.2. Photometric amplitudes and phases

The mode identification is an important but difficult prob-
lem in 7 Dor stars. In these stars, both fr and 7 are
very sensitive to the non-adiabatic prescriptions and the
detailed physical description of the superficial convec-
tive zone. Observations of the multi-color photometric
amplitude ratios indicate that fr is very small in v Dor
stars, which is somehow surprising for g-modes (Aerts
et al. 2004; Dupret et al. 2005b). Simultaneous spectro-
photometric observations were performed for well known
stars such as v Doradus itself (Balona et al. 1996).
From these observations, light-displacement phase-lags
between —25° and —80° were deduced.

Dupret et al. (2005b) applied FC and TDC treatments to
the mode identification of five vy Dor stars. They showed
that a much better agreement can be obtained between the
observed multi-color photometric amplitude ratios and
the theoretical TDC predictions, compared to FC predic-
tions. They also showed that the phase-lags 7 predicted
by TDC models are typically between —20° and —40°
for £ = 1 modes, in reasonable agreement with observa-
tions. But the FC theoretical phase-lags around 180° are
in complete disagreement with observations. This shows
that TDC models must be used for realistic photometric
mode identification in y Dor stars.

In order to explain the very different phase-lags predicted
by TDC and FC non-adiabatic models, we give in Fig. 10
the real part of F/F as a function of logT, obtained
with TDC (solid line) and FC (dashed line) treatments.
This eigenfunction is normalized so that the relative ra-
dial displacement is 1 at the photosphere. In both cases,
R(6F/F) drops near the base of the Convective Envelope
(logT ~ 5). This corresponds to the flux blocking mech-

anism described in details in previous section. In the FC
case, k-mechanism occurs inside the convective envelope
(CE), in the partial ionization zones of Hell (log T ~ 4.8)
and H (logT ~ 4.1). These x-mechanisms imply addi-
tional drops of R(d F'/ F') down to negative values, which
explains the phase-lags around 180° predicted by the FC
models. In contrast, these x-mechanisms inside the CE
are not allowed by TDC models, because they would lead
to too high superadiabatic gradients. Therefore, F/F
remains flat and positive after the flux blocking drop and
its phase remains around 0°.

6. CONCLUSIONS

We have considered in this paper energetic aspects of the
oscillations in different main sequence auto-driven pul-
sators. In 8 Cep and SPB stars, the x-driving is associ-
ated with the iron opacity bump. Iron accumulation due
mainly to the effect of radiative forces can reinforce sig-
nificantly this driving. Comparison between theoretical
and observed multi-color photometric amplitude ratios
allows the mode identification and constrains the metal-
licity. For § Sct stars, time-dependent convection (TDC)
models are required to reproduce the red edge of the in-
stability strip and to allow secure photometric mode iden-
tification in this region. In roAp stars, the k-driving oc-
curs in the H ionization zone. Convection is expected
to be partially suppressed by the magnetic field, allow-
ing diffusion to take place and reinforce the driving. The
driving of the y Doradus g-modes is due to a periodic flux
blocking at the base of the convective envelope. TDC
models are required for their photometric mode identifi-
cation.
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