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tionThe obje
t of asteroseismology and one of the main goal of the COROT spa
e mis-sion is to improve our knowledge of the interiors of stars by using all the informations
oming from their os
illations. The 
lassi
al approa
h is to measure very pre
iselythe pulsation frequen
ies of a star and, by 
onfronting them to the theoreti
al pre-di
tions, to derive 
onstraints on its internal 
hara
teristi
s (sound speed, density,. . . ). Another 
omplementary approa
h, whi
h is the obje
t of this poster, is toderive additional 
onstraints based on other observables: the amplitudes and phasesof magnitude variations in di�erent 
olor �lters. On one hand, these observablespermit to identify the degree ` of the modes (Watson 1988, Heynderi
kx et al. 1994,Garrido 2000), whi
h is very useful for stars whose the mode sele
tion me
hanismsare not well understood: Æ S
uti, � Cephei stars, . . . On the other hand, sin
ethese observables are dire
tly linked to the photospheri
 layers where the pulsa-tion is highly non-adiabati
, by 
onfronting them to the theoreti
al predi
tions ofa non-adiabati
 pulsation 
ode, 
onstraints 
an be derived on the models: envelope
onve
tion, 
hemi
al 
omposition, atmosphere models. We term this method non-adiabati
 asteroseismology. We present here some typi
al results and 
onstraints



2obtained with the non-adiabati
 
ode of Dupret for 3 types of pulsating stars: the� Cephei, the Æ S
uti and the Slowly Pulsating B stars (SPB). In the EXO �eld ofthe COROT spa
e mission, a three-
olor information will be available (see Se
t. 6),whi
h 
ould be used for mode identi�
ation and non-adiabati
 asteroseismology.2. Non-adiabati
 asteroseismology andMulti-
olor photometry2.1 Non-adiabati
 os
illationsIn the super�
ial layers of a star, the thermal relaxation time is lower than thepulsation periods, so that the os
illations are highly non-adiabati
. In the teamsof Li�ege and Granada, we have implemented two non-adiabati
 
odes with spe
ial
are given to the treatment of the pulsation in the atmosphere (Dupret et al. 2002).This treatment improves signi�
antly the a

ura
y of the theoreti
al non-adiabati
predi
tions. For a given model and for ea
h modes, our non-adiabati
 
odes 
omputetwo basi
 ingredients for the 
onfrontation with photometri
 observables: the am-plitude fT and the phase  T of lo
al e�e
tive temperature variation, as well as theamplitude of lo
al e�e
tive gravity variation fg, for a normalized radial displa
ementat the photosphere.2.2 Multi-
olor photometryUnder some hypotheses detailed in Dupret et al. (2003): one-layer approximation,rotation-pulsation intera
tion negle
ted, . . . the mono
hromati
 magnitude variationfor the mode (`, m) and wavelength � is given by :



3Æm� = � 2:5ln 10 � P m̀(
os i) b`� h(1� `)(`+ 2) 
os(� t)+ fT 
os(�t +  T ) (�T� + �T�)� fg 
os(�t) (�g� + �g�) i; (1)where � is the amplitude of the radial displa
ement, i is the in
lination angle of thestar, b`�, �T�, �g�, �T� and �g� are de�ned in Balona & Evers (1999).By integrating Eq. (1) over the passbands, we obtain quantities whi
h 
an be dire
tly
onfronted to the observed amplitude ratios and phase di�eren
es of photometri
magnitude variations between di�erent �lters. The degree `, whi
h appears expli
itlyin Eq. (1) 
an be determined with this method.2.3 Non-adiabati
 asteroseismologyWe see in Eq. (1) that the theoreti
al photometri
 magnitude variations are stronglydependent on the non-adiabati
 amplitude and phase of lo
al e�e
tive temperaturevariation fT and  T . On
e we have identi�ed the mode(s), and sin
e the non-adiabati
 predi
tions depend on the equilibrium model, we 
an therefore sear
h byan iterative pro
edure the model whi
h gives the best �t between the theoreti
aland observed photometri
 amplitude ratios and phase di�eren
es. The values offT and  T 
omputed by our non-adiabati
 
ode depend strongly on the metalli
ityfor � Cephei and SPB stars and on the 
hara
teristi
s of the very thin super�
ial
onve
tive zone for Æ S
uti and 
 Doradus stars. These 
hara
teristi
s (metalli
ity,
onve
tive zone) are generally not pre
isely known and not well 
onstrained by thepulsation frequen
ies alone. The 
onstraints derived from the 
onfrontation betweenthe observed photometri
 amplitudes and phases and the non-adiabati
 predi
tionsare thus more reliable in this 
ontext. We note also that the atmosphere modelsthemselves 
an be 
onstrained by this method, sin
e the derivatives of the 
ux andthe limb-darkening law (�T�, �g�, b`�, �T� and �g�), dire
tly linked to the atmospheremodels, play a signi�
ant role in Eq. (1).The stellar models used in this study were 
omputed with the new Code Li�egeoisd'Evolution Stellaire (CL�ES) written by R. S
u
aire.



43. � Cephei starsWe illustrate here the appli
ation of our method to the � Cephei star EN (16)La
, using the photometri
 amplitudes with Johnson �lters derived by Jerzykiewi
z(1993). From the amplitude ratios, we identi�ed the degrees ` of the 3 frequen
iesf1 = 5:9112 
 d�1, f2 = 5:8551 
 d�1 and f3 = 5:5033 
 d�1 as ` = 0, 2 and 1, respe
-tively. Moreover, we 
ould 
onstrain the metalli
ity of EN La
. In �gures 1 and 2,we present the results obtained for models with di�erent metalli
ities and e�e
tivetemperatures. The higher the metalli
ity, the more eÆ
ient the � me
hanism, whi
himplies a more important de
rease of the luminosity variation in the driving regionand thus a smaller e�e
tive temperature variation fT (for a normalized displa
e-ment). The best agreement between the theoreti
al and observed amplitude ratioswas obtained for a model with Z = 0:015. Values below Z = 0:015 do not lead toex
itation of the modes.4. Æ S
uti starsWe present now some appli
ations to 2 M� Æ S
uti models with di�erent valuesof the mixing length parameter �. As illustrated in Figure 3, our non-adiabati
results (mainly the phase-lag  T ) are very sensitive to the size of the thin super�
ial
onve
tion zone (linked to �), 
on�rming the results of Balona & Evers (1999). InFigure 4, we show the results obtained in Str�omgren �lters phase-amplitude diagramsfor two Æ s
uti models with � = 0:5 (top) and � = 1:5 (bottom). The 
hara
teristi
sof the thin super�
ial 
onve
tion zone 
an thus be 
onstrained by sear
hing for thebest �t between the non-adiabati
 predi
tions and the observed amplitudes andphases.



55. Slowly Pulsating B starsSPB stars are high order g-modes pulsators with periods between 1 and 4 days. Weapplied our method to 13 SPBs observed with Geneva photometry by De Cat et al.(2002). In Figure 5, we illustrate the non-adiabati
 results and mode identi�
ationobtained for the star HD 74560. We see that the dominant frequen
y of this star(f = 0:64472 
 d�1) is identi�ed as an ` = 1 mode. This result is in full agreementwith the spe
tros
opi
 mode identi�
ation a
hieved with the moment method by DeCat et al. (in preparation).6. Links with the COROT spa
e missionThe prism of the COROT EXO �eld will give 
olored information. We emphasizethat this information, expressed in term of amplitude ratios and phase di�eren
es,
ould be used for mode identi�
ation and non-adiabati
 asteroseismology, as de-s
ribed above. With the COROT prism, the wavelengths 
orresponding to the 3
olors will intrinsi
ally depend on the e�e
tive temperatures of the targets, 
ontraryto �lters with 
onstant passbands. This needs a spe
ial expertise that we are devel-oping in 
ollaboration with the team of Rafael Garrido. We refer to the posters ofMontalban et al. and Barban et al. (this 
onferen
e), whi
h are 
losely linked tothis proje
t.Referen
esBalona, L.A., Evers, E.A., 1999, MNRAS 302, 349De Cat, P., and Aerts, C., 2002, A&A 393, 965Dupret, M.-A., De Ridder, J., Neuforge, C., Aerts, C., and S
u
aire R., 2002,A&A 385, 563Dupret, M.-A., De Ridder, J., De Cat, P., Aerts, C., S
u
aire, R., Noels, A.,Thoul, A., 2003, A&A, in pressGarrido, R., 2000, In: The 6th Vienna Workshop on Æ S
uti and related stars,



6eds. M. Montgommery, M. Breger, PASP Conferen
e Series, 210, 67Garrido, R., Gar
ia-Lobo, E., Rodriguez, E., 1990, A&A 234, 262Heynderi
kx, D., Waelkens, C., Smeyers, P., 1994, A&AS 105, 447Jerzykiewi
z, M., 1993, A
ta Astron. 43, 13Watson, R.D., 1988, Ap&SS 140, 255
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Figure 1: fT (de�ned in Se
t. 2.1) as fun
tion of the frequen
y in 
 d �1, for di�erentmodes (0 � ` � 2) and for six di�erent models of the star EN La
 with 3 di�erentmetalli
ities. For ea
h metalli
ity, two values of the e�e
tive temperature have been
hosen: the models a (
older) and the models b (hotter). The three verti
al lines
orrespond to the three observed frequen
ies.
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Figure 2: Observed amplitude ratios (error bars) and theoreti
al ones (lines) withJohnson photometry, for the radial p1 mode obtained for three models of EN La
with di�erent metalli
ities.
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Figure 3: Non-adiabati
 e�e
tive temperature variations fT (left) and phase-lags T (right) as fun
tion of the 
onstant of pulsation Q in days, for di�erent modes of2M� Æ S
uti models with di�erent values of � (0.5, 1 and 1.5). The \+" are forthe model with � = 0:5, the \�" for the model with � = 1 and the asterisks for themodel with � = 1:5.
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Figure 4: Str�omgren �lters phase-amplitude diagrams for two Æ S
uti models with� = 0:5 (top) and � = 1:5 (bottom). The di�erent regions are for di�erent degrees` and 
orrespond to the old method where the degree of non-adiabati
ity R and thephase-lag  T were free parameters (Garrido et al. 1990). The 
ir
les are our non-adiabati
 predi
tions for modes with frequen
ies 
losest to the fundamental radialone (Q ' 0:033 d); and the 
rosses 
orrespond to the observations of radial pulsators.
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Figure 5: Model 
al
ulations for the SPB star HD 74560. Non-adiabati
 values offT on the top left panel and  T on the top right panel (de�ned in Se
t. 2.1), asfun
tion of the pulsation frequen
y in 
/d. On the bottom panel, observed amplituderatios (bullets) and theoreti
al predi
tions (solid line for ` = 1, dashed line for ` = 2and dot-dashed line for ` = 3).


