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Theoretical instability strips for ~ § Scuti and y Doradus stars
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Abstract. New theoretical instability strips faf Sct andy Dor stars are presented. These results have been obtained taking
into account the perturbation of the convective flux following the treatment of Gabriel (1996). For the first time, the red edge
of the é Sct instability strip for non-radial modes is obtained. The influence of this time-dependent convection (TDC) on the
driving of they Dor gravity modes is investigated. The results obtained ffifedint values of the mixing-length parameter

are compared for thg Dor models. A good agreement with observations is found for modelsanlitween 18 and 20.
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1. Introduction of the convective elements becomes shorter than the pulse

The d N fth icali bil i0s is of _rPeriod. In this paper, we show that the driving of th®or
€ gterrr‘mnatl(;)nof t e_oL(Ttma msttz)a lity str|ﬁs_|s ° %reatl ?'-modes is successfully explained by our TDC models.
terest in the study of variable stars, because their confrontation it explanation of our TDC treatment is given il

to observations enables to test our knowledge of stellar interi Sct. 2. The theoretical instability strips obtained foSct

and our understanding of the driving mechanisms of pulsatig

stars. We consider in this paper the cas@®€t andy Dor stars.
The theoretical blue edge of tl#eSct instability strip has

been determined by many authors, for radial as well as for non-__ )

radial modes (e.g. Pamyatnykh 2000). But the determination%f | Mme-dependent convection (TDC) treatment

the theoretical red edge is a mordfidult matter, because it |n this paper, we follow the TDC treatment of Gabriel (197
requires a non-adiabatic treatment of the interaction betwegggs 1998, 2000). We split the variables in two parts, ¢
convection and pulsation. Xiong et al. (2001) and Xu et acrihing respectively the average model and the convect
(2002) succeeded to obtain a theoretical red edge for radi@lerefore we writey = 7 + Ay, v = u + V, wherey is any
modes, using the non-local time-dependent convection thegpglar variable and s the velocity vectory andu are the av-
of Xiong et al. (1998), and Houdek (2000) studied the colrage values, whilay andV describe the convection.

vective dfects on I’adiab-mode Stabl|lty ind Sct StarS, using The mean equations of mass, momentum and energy (
the time-dependent convection treatment of Gough (1977).d8rvations are respectively:

this paper, we present the first theoretical blue and red edges of

thed Sctinstability strip obtained for non-radial modes as wel@‘_) +V-(pu) =0, (1)

following the time-dependent convection treatment develop

by Gabriel (1996). d (pu)
v Dor stars are a recently discovered class of variablegt

stars. These stars are located in a region of the HR diagram

that is bounded by-7200-7550 K on the zero-age main sep T B__y. Fr-V-Fc+pe+pe;+V.Vp, )

guence (ZAMS) and by6900-7400 K near the end of the

main sequence phases (Handler & Shobbrook 2002a). Usinigere® is the gravitational potentiaR is the gas+ radiation

frozen convection (FC) models, Guzik et al. (2000) showstress tensopVV is the Reynolds stress tenssis the entropy,

that the driving of they Dor gravity modes can be explained=g and F¢ are the radiative and convective flux vectarss

by a convective flux blocking mechanism at the base of théire energy generation rate by nuclear reactiepss the rate

convective envelope. A first theoretical instability strip hasf dissipation of turbulent kinetic energy into heat Ah& p is

been obtained by Warner et al. (2003), following this aphe work of the pressure gradient.

proach. However, in a significant part of the convective enve- Subtracting Eqgs. (1)—(3) from the corresponding na

lope, the FC approximation is not valid, because the life-tinaveraged ones gives the equations for convection. They

Hd v Dor stars are then presented in Sects. 3 and
respectively.

+V-(ouu) + V- (pVV) = 5V -V -P, 2
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then simplified in such a way that their stationary solutions le&d § Sct instability strip

to the classical mixing length theory obBin-Vitense (1958).

This procedure ensures the compatibility between the theorf¥§ Nave implemented the perturbation of the convective flux
used to compute our equilibrium models and to evaluate thlrthe linear non-adiabatic code MAD (Dupret et al. 2002).

vibrational stability. The continuity, motion and energy equélj order to determine the theoretical instability strips, a large
tions for convection take then the following form: number of evolutionary tracks were computed by the code

CLES (Liége), with masses going from 1.4 to 22, with

V-V=0, (4) different values of the MLT parameter with core overshoot-
ing aoy = 0.2 and with solar metallicity. Then, we studied
D v +pV-Vu= %Vﬁ —VAp- @’ (5) the stability of the modes in the appropriate frequency range.
dt p 3rc Contrary to the calculations with FC, with our TDC treatment
dAs  A(pT)ds orilgn we are able.to reproduce the red edge of&tgct instability
Yt ——— =-V-Vs- As, (6) strip, for radial as well as for non-radial modes.
dt pT dt TC

In Fig. 1, we present the theoretical instability strip ob-
tained for radial modes, for models with the solar calibrated

of the convective elements and is the cooling characteristic ValUea = 1.8. Each curve corresponds to the blue or red edge
time of turbulent eddies due to radiative losses. of a mode of given radial order. Labels enable to identify the

The perturbation of Egs. (1)—(3) gives the linear pulsatidA®des (e-gpar for the red edge of thes mode). As the ra-
equations, where new terms appear such as the perturbatioff@f order of the modes increases, the blue and red edges are
the convective flux and the Reynolds stress tensor. Of th&dgPlaced towards highdier. For the sake of clarity of the fig-

terms, only the perturbation of the convective flux vector K€ We only give the results for modes frgmto ps. However
taken into account in this paper and it is given by: we stress that, on the blue side of the instability strip, we find

unstable modes up tp;. The small points correspond to the
position of observed Sct stars, as taken from the catalogue
of Rodriguez et al. (2000), using the calibrations of Moon &
oretsky (1985). We have only presented the results obtained
a = 1.8. We note that the theoretical red edges are dis-
aced towards lowerfiective temperatures whendecreases.

wherel = Tr/7c is the convectiveficiency,r¢ is the life-time

— (6 oT = (a7, T
6Fc = FC(TP n ?) +pT (9ASV + AHV). (7)
T

. . . D
The unknown correlation terms in Eq. (7) can be obtalne
from the fluctuation equations. More precisely, we pertu

quk(‘l);&er) éi”tdﬂ]e search tfor S?IU,:'ho ns of tht_e f?Sr(AX)I :t The physical reason is that the red edge corresponds to models
(AX)xk - 1hen we integrate these particular SOlutiong, ., o given size of the convective envelope; this size increases

2 2 _ 2 H
overallvaltues Off@ in;i]f“’ such th?kefkjf _bAlkf assu_mng&th when « increases off ¢ decreases. As comparison, we also
as a constani = 1/2 for an isotropic turbulence). Then the ive in Fig. 1 the position of the red edge for the fundamental

horizontal averages are computed. Finally, the perturbed ¢ 05 . ; e
) . ) al mode as obtained by Xiong et al. (2001){)and by
vective flux takes the following form: Houdek (2000) (&").

§Fc = 6Fc (r) Y™ (6, ¢) & + 6Fcn(r) (thY|m ®, ¢)) (8) _ In Fig. 2, we present the theoreti_cal instability _strip ob-
_ _ _ tained for¢ = 2 modes, for models withr = 1.8. Again we
and the problem is naturally separated in spherical harmege that, as the radial order of the modes increases, the blue
ics. 6Fcr(r) and 6Fcn(r) are related to the perturbed meamnd red edges are displaced towards higlagrFor the sake of
quantities by first order dierential equations. Proceeding soglarity of the figure, we only give the results for modes frggn
the timescales of pulsation and convection coming respectiv@lyp,. For non-radial modes, the shapes of the blue and red
from the perturbation of the left hand side and right hand si@giges are not as straight as for radial modes, because of the
of Egs. (5) and (6) are both taken into account (for more detadésoided crossings.
we refer to the role played by the dheientsB andD defined In Fig. 3, we compare the work integral of the fundamental
at p. 239 of Gabriel 1996). Therefore, our treatment does nghia| mode obtained with TDC and FC, for a model situated
assume instantaneous adaptation of convection to pulsatlonjﬁg{ at the red edge of thieSct instability strip. Regions where
frozen convection. o the work increases (resp. decreases) are driving (resp. damp-
The main source of uncertainty in any MLT treatment qfq) the oscillations. The surface value of the work integral is
convec_tlon-pulsatlon interaction comes from the expressiffy dimensionless growth rate §(o) 7ayn). The vertical line
which is adopted for the perturbation of the mixing-lengthgicates the base of the convective envelope. With a local TDC
| = aHp. In this paper, we adopt the following formula: treatment, spatial oscillations are present at the base of the con-
sl 1 SHp vective envelope, as first expleined by Baker & Gough (1979).
T Tr o T (9) With a non-local treatment (Xiong et al. 2001) or with other
+loTe P specific treatments that we will present in a forthcoming paper,
with the two limit cases$l/l — 6Hp/H, whenorc < 1 and these spatial oscillations can be avoided and the stabilization of
ol/I = 0 whenotc > 1, whereH, is the pressure scale heightthe§ Scuti p-modes still occurs at the same location in the HR
Our equilibrium models are computed using a local mixingliagram. Driving due to convective blocking anenechanism
length approach. For reasons of consistency between the eqaéurs in the FC model but no longer plays a significant role in
librium and perturbed models, our TDC treatment is also loctéihe TDC model.



M.-A. Dupret et al.: Theoretical instability strips férScuti andy Doradus stars L19

2e-05 T T T
1'?2:82 I Work integral i
5e-06 n Time-dependent (TDC) B
[ SESm———
506 “U v
-1e-05
-1.5e-05

-2e-05
-2.5e-05 L L L

14

12

28—06 T T T
1.5e-06 | ]
le-06 - Work integral b
5e-07 Frozen (FC) B
0
-5e-07 B
le-06 P a

0.6 e ... IR e -1.5¢-06 . . .
398 396 394 392 39 388 3.86 3.84 3.82 38 3.78 376 5.5 5 4.5 4 35

Log (T.¢) LogT

Fig. 1. Blue and red edges of ti#Sct theoretical instability strip. The Fig. 3. Comparison between the work integral of the fundamental
lines are our TDC results for radial modes frgmto ps, for models dial mode obtained with a TDC model (top panel) and a FC mox
with @ = 1.8. The small points correspond to observations. As corfRottom panel). The vertical line indicates the base of the conv
parison, we give also the red edges for the fundamental radial mdtg envelope. The characteristics of the equilibrium modelsidre:
obtained by Xiong et al. (2001)¢") and by Houdek (2000) §”). 1.6 Mo, Ter = 66648 K, log(L/Lo) = 0.9731 andr = 1.8.
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Log (T,;p) Fig. 4. Periods (in days) of all the unstabfe= 1 gravity modes ob-
€l

tained for models of 1.6/, with @ = 2, as a function of thefiective
Fig. 2. Blue and red edges of th#&Sct theoretical instability strip for temperature. Each cross corresponds to a gjvemde.
models withe = 1.8 and¢ = 2 modes fronys to p4, as obtained with
our TDC treatment.

hybrid § Sct -y Dor stars. In Fig. 5, we show the theoret
cal instability strips ofy Dor ¢ = 1 modes obtained with our
TDC treatment (thick lines), for three families of models wil
The driving of high order gravity modes nDor stars can also different values of the MLT parameter1, 1.5 and 2. As com-
be explained by our TDC models. In Fig. 4, we show the peparison, we give in the same figure the FC results of Wari
ods of all the unstablé = 1 gravity modes obtained for modelset al. (2003) obtained with = 1.87 (thin dashed lines). In this
of 1.6 Mg with @ = 2, as a function of theftective tempera- case, we give global instability strips and not individual on
ture. Each cross corresponds to an unstable mode. As caridseeach mode. For any model inside the instability strip,
seen, the periods of those modes correspond to the typical @ast one unstable high ordgmode is found; outside it all are
served periods of Dor stars. Moreover, we see at the bottoratable. The small circles correspond to the observed positi
of this figure that our models have also unstailemodes. The of bona fidey Dor stars from the catalogue of Handler (2002t
existence of stars pulsating with bailsct p-modes ang Dor their éfective temperatures are taken from Kaye et al. (19¢
high orderg-modes would thus be explained by our theoretiwho used the calibrations of Villa (1998). Some evolutiona
cal models. We refer to Handler & Shobbrook (2002a) for @racks for models withy = 1.5 are also given in this figure.
observational research (however not yet conclusive) of sukh for § Sct stars, we see that the theoretical predictions

4. v Dor instability strip
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good agreement with observations is found. We obtained also
] theoretical instability strips for thg Dor g-modes. The the-
oretical instability strips ofy Dor stars are very sensitive to
the value of the MLT parameter. We get a good agreement
with observations for models with = 2. We note that the
calibration used to go from observational to theoretical HR di-
agrams is subject to uncertainties, however these are expectec
to be small compared to théfect of changingr in our mod-
els. In this paper, we only emphasized the main results. More
T details about the theory and the physical interpretation of the
results will be presented in a forthcoming paper (Grigadec
et al. in preparation). Houdek (2000) pointed out that the per-
8 turbation of the turbulent pressure (not yet included in our
study) can also play a significant role in the stabilization of
s the 6 Sctp-modes. Our future prospect is to include the per-
39 38 38 384 382 38 378 376 374 turbation of the full Reynolds stress tensor (Gabriel 1987) and
Log(Teg) the dissipation of turbulent kinetic energy in our non-adiabatic

Fig. 5. y Dor theoretical instability strips fof = 1 modes, for three code and study their influence on the drivingi@ct andy Dor

families of models with dferent values of: 1, 1.5 and 2 obtained radial and non-radial modes.

with our TDC treatment (thick lines), compared to the FC results of
Warner et al. (2003) (thin dashed lines= 1.87). The small circles AcknowledgementsM.A.D. acknowledges support through a
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