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Abstract. Recent dramatic improvements in the modeling af has been claimed that in some cases the observed variability
abundance evolution due to diffusion in A stars have beeannot be easily reconciled with the theory of diffusion for CP
achieved with the help of monochromatic opacity tables frostars.
the OPAL group. An important result in the context of stellar In this paper we examine how recent progress in modeling
pulsations is the substantial helium abundance shown to be kefih stars affects our understanding of the problem of variability
over in the driving region of Scuti-type pulsations in chemi-in A-type CP stars. We first review the current observational and
cally peculiar Am stars. An accurate opacity profile in the entitheoretical pictures for variability in CP stars. The improved
stellar envelope including the full effect of heavy elements models of diffusion in A stars are then presented. The linear
also now available for the first time. nonadiabatic oscillation equations are solved in selected models
Pulsations are shown to be excluded for young Am stas§A-type stars, both with and without diffusion. These results
but occur naturally when these stars evolve off the ZAMS. Tlighlight the differential effect of diffusion on the stability of the
predicted variable metallic A stars all lie towards the red edgemmiodels, and allow to draw conclusions on how well the models
the instability strip, in qualitative agreement with the observenith diffusion can be reconciled with observations.
variabled Delphini and mild Am stars.
Results show little direct excitation from iron-peak elements
in A-type stars. The main abundance effect is due to the settli%g

of helium, along with a marginal effect due to the enhancemenp stars are found almost everywhere in the HR diagram. Some

of hydrogen. of these stars are evolved and their observed abundance pecu-
liarities reflect nuclear processes. Others are compact objects in

Key words: diffusion — stars: abundances — stars: evolutionyghich diffusion is well established (Michaud & Fontalne 1984).

stars: variablesi Sct Many of these objects are variable and they are very favourable

for asteroseismology.

We concentrate mainly on main-sequence stars in which dif-
1. Introduction fusion is thought to be the principal cause of abundance anoma-

Until very recently the theory for the formation of chemicall;yes' These are found from early F-type (Fm) stars to late B-type

peculiar (CP) stars and the observations of variable stars agrg_el-gig/lor:i):ta;su’ mi(; I]um?h ir:?gs\éagegstia?i:g:st:;sngg?’ tApés
that CP stars were not variable and variable stars were cheg}l— P PUPPIS]. P Y yp

. variable stars are also foung Doradus, several classes of
cally normal. A few exceptions were known for many years bgt

; . L . . . Scuti, and Slowly Pulsating B (SPB) stars].
their rarity and their mild chemical anomalies did not challenge o .
the standard picture. In A-type stars, almost 70% of non-CP stars ar8cuti

In recent years this picture has evolved considerably a\ﬁ%rlables at current levels of sensitivity. Most non-variable A
Is are Am stars.

the dichotomy between CP stars and variable stars is no Ionat(g‘r

clear-cut. Indeed, many types of CP stars are now known to Amongs_t the CP stars“whl_c h happen_to be pulszitlng, the
most conspicuous are the “rapidly oscillating Ap stars” (roAp)

exh_|b|t various types of pulsations. Slgr_uflcantly, most Of.t.hﬁrst discovered by KurtZ(19/Ba). These are found amongst the
variable CP stars belong to the magnetic Ap and Bp fam|||eés. lest of the magnetic Ap stars which exhibit large abundance
But some non-magnetic CP stars are known to be variable & grest! 9 P 9

anomalies of many heavy elements. They have generated con-

Send offprint requests t&. Turcotte siderable interest because of the relatively large number of ob-
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served overstable modes which makes them promising objabis way are of the known families of variable stars, heDo-

for asteroseismology. See, for example, Matthéws (1991) foradus, SPB and a few Cephei stars. The expected sensitivity

review. of these surveys ranges from as low as 3 to 55 mmag depending
In non-magnetic stars, however, variability and anomaloos the brightness of the object (Eyer & Grenon 1998).

abundances are found in very few stars simultaneously. Over theThe CP stars found most recently to be variableXaB@otis

years some mildly metallic stars have been found to exhibit sostars in which nonradial pulsations have been detected (Paunzen

variability. Baglin [1972) suggested that if diffusion is the causs al.[1998).

of the Am phenomenon, Am stars should not pulsate. Some

mild Am stars and evolved CP stars were then already known to

be variable (Kurtz_1976) but all classical Am stars which were

thought to be variable in the early 70’s were subsequently fouRd

to be stable. Since then Kurtz and his collaborators have bggaments migrate with respect to each other because of dif-
the principal investigators in the search for variable CP stafgrential forces mostly due to inward gravity and outward ra-
They have assembled a short list of metallic stars, most if nihtive pressure. This segregation of different atomic species
all of them fairly evolved, which are alsbScuti-type pulsators is what is termed here diffusion. Diffusion is a rather fragile
(Kurtz[1978bl 1984, 1989; Kurtz et al. 1995; Kurtz 2000).  process because typical diffusion velocities are of the order of
Amongst these stars, some have been thought to be prglctions of cm per second. Large-scale motion of matter or
lematic. In particular, Kurtz (1989) claimed to have diSCOVGerrbLﬂence qu|ck|y overwhelm diffusion and homogenize the
a pulsating classical Am star. The problem lies in its apparen8iemical composition outside of nuclear burning regions. Dif-
large abundance anomalies, not typical of the other known v&(ision is efficient only in stars where the competing processes
able non-magnetic CP stars. Also, the variable evolved Am sgge weak. This explains why CP stars are mainly of spectral
HD40765 has been considered by Kurtz etal. (1995) to be préfipes ranging from early F to late B-type stars. In these spectral
lematic because of the possibly large surface velocities involveghes the surface convection zone is thin enough and the mass
A pointthat has been made repeatedly is that the large velociligss rates small enough (a mass loss of arauind* Mg yr—
caused by pulsations, estimated in this star to be of the ordefarge enough to remove all anomalies) to permit the develop-
14kms~! at the surface, might generate turbulence in the ifnent of significant abundance anomalies. As a result, CP stars
terior which would in turn hinder the formation of the require@re typically relatively unevolved, slowly rotating stars. There
surface-abundance anomalies. are some CP stars, Ap arBootis stars, for example, in which
In addition to variable CP stars there are sofn&cuti other factors come into play.
stars that are particularly interesting from our point of view. |n the standard picture for FmAm, HgMn and Ap stars, the
First there are some otherwise seemingly run-of-the-mgbserved abundance anomalies of heavy elements develop as a
§ Scuti starf§ in which peculiar abundances (Russell 199%0nsequence of the settling of helium. As it disappears from the
Rachkovskaya 1994) superficially consistent with what is exuperficial convection zone it can no longer provide the opacity
pected as a result of diffusion seem to have been found.  to sustain convection in the H& zone and the result is a much
Second, the high-amplitudeScuti stars are interesting be-thinner convection zone due to the ionization of.Ht this
cause they are characterized by very smaillni (Solano & depth, the radiative forces on the various heavy elements are
Fernley 199). As CP stars are mostly slow rotatets:(< compatible with the pattern of surface-abundance anomalies.
100kms~"), one should find different velocity distributions inThis model agrees qualitatively with observations but requires
CP stars and i Scuti stars. Indeed, observations show thatditional assumptions to obtain a quantitative agreement as
4 Scuti stars are on the average fairly fast-rotating stars, wife predicted anomalies are generally too large. No calculation
the exception of the high-amplitude stars. In other respects #igsed on this model has ever reproduced the abundances of
high-amplitude) Scuti stars do not differ from their more com-individual Am stars.
mon low-amplitude counterparts. They are, however, known to The major consequence of this model for stellar stability is
be evolved stars and as such might not feature significant abgit helium is no longer present to excite pulsations typical of the
dance anomalies. classical instability strip. Many studies related to this problem
Although observations do not Completely rule out Variabi”thave been carried out. The most thorough, by Cox €t al. (1979)'
in Am stars, they do pose rigorous constraints on them. EithesHowed that variability is possible with a low helium content
is an extremely rare occurrence or pulsations are of extremp|y that the width of the instability strip decreases as the helium
low amplitude. An extensive search of the Hipparcos databagfindance decreases. Their conclusion was that classical Am
by many authors revealed many new variable stars (Aertsseirs should not be variable but that metallicism and variabil-
al.[1998; Waelkens et al. 1998; Paunzen & Mailzen'1998). Sig; were not mutually exclusive in the red part of the classical
nificantly, all the newly discovered variable CP stars were foupgstability strip if the surface helium abundance fell marginally
to be magnetic (Ap or Bp). All the other variable stars found iBelow 0.1 but without dropping to a very low value.
When the diffusion of heavy elements is included in a con-
1 Amongst these is 20CVn which was classifiedsa®elphini by Sistent fashion this picture changes drastically. These models
Kurtz (1976) are dubbed here The New Montreal Models (NMM).
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Magnetic Ap stars and Bootis stars will be ignored at this extreme cases this region might be convective in contrast to
time. We note in passing that for roAp stars a few models hastandard models, which would reduce the radiative flux and by
been proposed based on the so-caladechanism, where the consequence the driving in that region.
dominant driving comes from the effects of the opaeityAs We shall examine the consequence of these results on the
only microscopic diffusion can explain the observed abundangesssible instability of Am stars. As a complement, we shall also
at present, the proposed models include its effects. Amongstimate the effect of mild abundance anomalies on predicted
the possibilities are: the replenishment of superficial helium Ipylsations o Scuti stars.
advection from mass loss (Vauclair & Dolez'1990), the replace-
ment of helium by silicon pushed in the driving region by radia; - -
tive levitation (Matthews 1988), and hydrogen overabundanzhe's2 - The basic properties of the NMM
in the HI ionization zone as a result of helium settling (DziemFhe NMM include the detailed diffusion of 21 major elements
bowski & Goode 1996). As foi Bootis stars, the currently from H through Ni plus several light elements and isotopes for
preferred but so far unproven accretion models for these startotal of 28 species. The opacity data used in the evolution
assume that the helium abundance would remain normal in tlegle and in the following analysis are the OPAL monochro-
driving region (Turcotte & Charbonneau 1993), accounting fonatic opacity tables (Iglesias & Rogérs 1996) which allow us
the necessary opacity for themechanism to work. to calculate accurate Rosseland mean opacities and radiative
forces for any peculiar chemical composition necessary. At low
temperatures, for which the OPAL data is lacking, we supple-
ment them with the Kurucz (1991) opacity tables. Although it
4.1. New results with the NMM would be desirable to take into account changes in the com-

. o . position of individual heavy elements in the atmosphere, the
The NMM include the diffusion of all major elements up tq,ansition occurs at such low temperatures that it might be of

nickel consistently by using monochromatic opacity tables pfo consequence for the stellar interior.

the Livermore group (Iglesias & Roger 1996) to compute the 1o models incorporate standard procedures for the equa-

opacity and the radiative forces accurately at all points in the, of sate and the nuclear reaction rates. The mixing-length
star and for the local chemical composition; the basic proceduggsy 5 ism for convection is used and is calibrated using the Sun
were outlined by Turcotte etal. (1998a) and Richer etal. (1998}, cotte et al, 1998a). All models have an identical, homoge-

The evolution of the abundances and of the structure is Cofaso 5 initial chemical composition as specified by Turcotte et
pletely consistent through the opacity. One very important progy r1gggp). All models are one-dimensional, non-rotating, and
erty of these models is the presence of a convectively unswm%-magnetic.

zone arounc200 000 K where iron-group elements dominate  jiiqual models for a given stellar mass only differ in

the opacity. This convection zone appears naturally as the c{ls harameters adopted for the coefficient of turbulent diffu-

sequence of abundance changes if they are large enough. dii§ |, a|| calculations presented in this paper, the coefficients
NMM then assume that this deeper convection zone is CQlys chosen so that the zone mixed by turbulence goes from the
nected to the helium and hydrogen convection zones througlitace to somewhat below the iron convection zone. The co-

convective overshoot. o _ efficient of turbulent diffusion is modeled with the following
The large depth of the convective mixing relative to Standafﬁree-parameter expression

models for chemically peculiar stars results in much smaller
surface-abundance variations, more in line with observatimB. _po (P "
Richer et al.[[2000) showed that the radiative forces at the basé ~— ~° p ’

of the iron convection zone follow the correct pattern over a .
P here the free parameters dg, po andn. The evolution of

relatively narrow region for the Am signature to be recovere e abundances is verv sensitive to the depth of the mixind but
without additional assumptions. A quantitative agreement Wi} u IS Very o P Xing bu
t so much to the profile aDr. The models are named with

observed abundances for Am stars does require additional g . . :
bulence below the superficial convective envelope. Inthe NM,\r/Fference to the numbé which specifies the ratio dbr to the

the mixing necessary to reproduce the abundances observet @Z'g'nes?s of gtzm;;?gutﬂgrlg;erlzlrl]lér;i)\};;at th§0€0;zgvth?;e
Am stars prevents the formation of this convection zone. yp q we- ple,

A significant result in the context of stellar pulsations is théTt]Odel_l'goRloqofz ',S a 1,._90<tylstar with /& = 1000 anq
helium is still substantially presentin the Hedriving region in n =2, for S'mp"ﬁmﬁ 10Kdlsl ”3?"' to re(;e.r tohmodels V.V'th
these new models. Also, as the opacity in the vicinity of the ng - 1_06000' 12 all the mo €ls discussed in this pgp@ns
called “metal opacity bumf'is increased relative to standar x 10. genT>. The reader is referred t(.) Richer et &L {2000)
models, one can expect that this region will contribute to tﬁa@d Richard et all{ZUDO) for further details.

excitation of longer-period modes. On the other hand, in some For every stellar mass gxammed, one model that does not
include any effects of diffusion is also included. For computa-

2 We shall refrain from using this expression and otherwise ué@nal effic'iency this Comp(?\rison model uses the mean Rosse-
the expression “iron-peak-element opacity bump”, as those elemdad opacity tables of Iglesias & Rogers (1996). Assuming that
dominate the opacity there there is no separation of elements in the star implies that some

4. The new Montreal models

(1)
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unspecified mixing is necessarily assumed. This mixing is r@re constant. Then the work done by thenechanism is pro-
quired to be large and deep enough to keep superficial regipastional to
at a constant chemical composition without mixing too deeply, )

to avoid dredging up nuclearly processed matter to the surfac <5T> d KK i Kp > I ] dM (4)
They are named according to the mass and are labeled withthe\ 7' / dr Ty —1) "

tag “ND” (e.g., 1.90-ND).

where L, is the luminosity at", andxy = (0lnk/0InT),,
kp, = (0lnk/01n p)7; thus regions where

5. Diffusion and the K mechanism

Kp
To determine the frequencies of modes of oscillation for a stay | " + Ts— 1) >0 ()
requires only that we solve the adiabatic equations. Solving the o _ . o
full nonadiabatic equations of stellar oscillation allows us gPntribute to the excitation. Local increases in the logarithmic

calculate the growth rates of the modes, and hence to deternflglvatives ok are necessary and a decrease;in- 1 in partial
which of the modes are overstable; also, by considering the wéRization zones of a dominant species (H or He) is helpful. It
integral we can investigate the contributions of the different paf§0 follows that regions where the gradients:pfandr,, are
of the star to the excitation and damping of the mode. negative contribute to damping of the pulsation. Fheterm

The nonadiabatic oscillation package used was generouéfiy@lly dominates over the other term. _ .
provided to us by W. Dziembowski and follows the procedure 1he numerical results reported in the text, including the
first described by Dziembowski (1977). We are mainly col"owth parameters and work integrals, are computed using the
cerned here with excitation via taenechanism on which abun-full nonadiabatic procedure of the Dziembowski code.
dance variations have a direct impact. We note, however, that !N order thatthe excitation by themechanism should not be
the present calculations lack a good modeling of the effect gincelled by damping elsewhere, itis necessary that the driving
convection; this must be kept in mind in the analysis of tH&€91on lie in the so-called transition zone between the quasi-
results. adiabatic and nonadiabatic regimes; in that case, the oscillations

The physics of thes mechanism has been reviewed exterd'® strongly nonadiabatic outside the dr_iving region, and t_his
sively (e.g. Cox1980; Unno et &I, 1979; Gautschy & Saio 1995)21t Of the star therefore does not contribute to the damping,
As a quick reminder, generating pulsations in a star requires t4ind rise to net driving. This leads to an approximate relation
the energy gained by an oscillation mode over a complete cypiween the periodl of a given mode of pulsation and the
be larger than the energy lost. We are then looking for a pdsition of the transition region in a star (Cox 1980):
itive net work over the entire star over one cycle. In the Case 1), AM,,
of thex mechanism, the energy is transferred from the outward— 77— =~ 1, (6)
radiation flux to the oscillation mode via the opacity. A mode
becomes overstable by this mechanism if the opacity profile digre AM:, is the mass outside the transition regi¢n,)s, is

its derivatives have the right features. the average over that part of the stgrpeing the specific heat,
Following Unno et al[(1979), from the definition of the worl@nd L is the luminosity. _ _
(W) as the variation of the kinetic energf) over a cycle, The normalized growth rate is defined as
dE dw / dw
— ¢ —= = dlogT dlogT . 7
W_jz{ TR (2 n /legT og / ’legT og (7)
one can write In this formulation,;; varies from+-1, if there is driving in the
entire star, to-1, if there is damping in the entire star. The value
wor /MT 525 o EV(F + )| am 3) of zero defines neutral stability.
wig T N p R ¢ " Diffusion affects thex mechanism by decreasing driving

) . . from helium in favour of driving from metals. As a consequence
whered denotes Lagrangian perturbations. Alsois the (an- o £q. (@), the pulsation period of the unstable modes depends
gular) oscillation frequencyl” is temperature);. is the mass o the depth of the driving region. During a star's evolution
interior to the radius, ex Is the nuclear energy generation ratgne nelium ionization zone gradually shifts deeper in the star,
and Iz and I, are the radiative and convective fluxes. If ongnereby increasing the period of the observed pulsation modes.
neglects the contribution from the nucleax and convective aqgitionally, as the driving in the deeper iron-peak driving re-
terms (), and pnly keeps the p_ertu_rbatlon of the radl_atlve fluéion increases while the driving due to helium decreases as a
(Ir), one can isolate the contribution of themechanism 10 eyt of diffusion, one might expect the observed pulsation pe-
the driving of a given mode of oscillation. To obtain & simplgogs 1o shift to even longer periods. The effect of abundance

estimate of this contribution to the work integral we make thgyriations on the opacity profiles is discussed below for selected
quasi-adiabatic approximation (i.e., evaluate the work integfahgels (see Figl3).

by means of adiabatic eigenfunctions), and furthermore assume
that the adiabatic thermodynamic derivatiiés I's andV .4
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Table 1.Physical parameters of the 1.94vmodels Table 2. Physical parameters of the 2.0Jvimodels
Age L/Ls Te R/Rm logg Age L/Ls Tex R/Rs logg
(Myr) (Myr)
1.90-ND 2.00-ND

101 1350 8710 1.628 4.293 300 17.84 8767 1.847 4.206
300 1430 8501 1.759 4.226 670 20.27 7979 2.377 3.987
502 15.17 8248 1.924 4.148 801 20.85 7501 2.728 3.867
670 1594 7952 2.123  4.063 852 21.06 7290 2.903 3.813
1003 17.04 7002 2.830 3.813 2 00R2500-0.75

1.90R10K-2 300 17.62 8731 1.851 4.204
101 13.09 8669 1.615 4.291 670 20.06 7958 2.378 3.986
300 1411 8431 1.633 4.217 801 20.69 7497 2720 3.870
503 1501 8148 1961 4.131 854 20.88 7274 2.903 3.813
670 15.76 7848 2.167 4.045 2 00R1000-2
1002 16.84 6919 2.881 3.797
1105 2372 7063 3.281 3.684 300 1759 8663 1879 4.191

670 19.97 7862 2.430 3.967

1.90R1000-2 751 20.37 7594 2631 3.898

101 13.34 8652 1.640 4.287 854 20.75 7186 2.966 3.794

300 1411 8407 1.787 4.212
503 15.04 8125 1975 4.125
670 15.82 7830 2.181 4.039
1001 16.96 6918 2.893 3.794

Table 3. Physical parameters of the 2.2Jvimodels

1094 1929 7052 2.969 3.771 A,\%e L/Le  Tet R/Rg logg
r
1.90R300-2 (Myr)
2.20-ND
101 13.34 8640 1.645 4.284
300 1411 8387 1795 4.208 500 2988 8595 2487  3.989
503  15.04 8103 1.985 4.121 603 3097 8082 2864 3.866
670  15.82 7809 2.192 4.035 670 3171 7700 3193 3.772
1003 1698 6898 2912 3.788 2.20R1000-2
1098 19.00 6958 3.027  3.755 300 2678 9116 2093  4.138

501 29048 8470 2545 3.969
597 30.52 8001 2901 3.855

6. Opacity and its derivatives

We recomputed many thermodynamic quantities and the opac-

ities in the process of preparing the models for input to tfier the models was described in the discussion relating tlEq. 1.)
nonadiabatic oscillation package. Every effort has been mddtthese, the models witR = 1000 andn = 2 reproduce rea-

to be consistent with the procedures followed in the evolutig®nably well the abundances of Am stars (Richer €t al. 2000).
code. The most tricky operation at this point is the determFhey are not optimal, however, and models with= 1000 and
nation of accurate opacity derivatives. The opacities are int#fith shallower turbulence; = 3 or 4, would be more accurate.
polated linearly and smoothed locally in the evolution cod¥Ve feel that using such models would not alter the essence of
As first and second derivatives of the opacity are neededth® interpretation of the results.

the oscillation package a more refined interpolation procedure

had to be adopted to guarantee smoother derivatives. We cf’g)
the Houdek (Houdek & Rodl 1996) routines which use two-’
dimensional rational splines. For each mesh point of the modMest pulsating A stars lie in the Hé instability strip. Conse-

we constructed @ x 7 opacity grid in thgp, T') plane in which quently, most attempts to model the pulsations of chemically
the splines were fitted and the opacity derivatives were detpeculiar A stars have centered on how helium can remain or be
mined. replenished in the HH zone, or possibly which element canre-
place it as the motor of the excitation mechanism. As previously
discussed, an important characteristic of the NMM is the rela-
tively high superficial helium abundance remaining throughout
Amongst the numerous NMM models some were selectedtte evolution in Am stars (see Sddt. 4). This section aims at an-
provide a satisfactory sampling of the instability strip and of Arewering some questions raised by these new models: Is helium
stars. The selected models of 1.9, 2.0 and 22 e summa- sufficiently abundant to generate variability in Am stars? Do
rized in TableEI1,12, arid 3 respectively. (The naming conventittre NMM clash with our current observational understanding

S5 Scuti-type pulsations in Am stars

7. The models of A stars



608 S. Turcotte et al.: The effect of diffusion on pulsations of stars on the upper main sequence

Table 4. Overstable radial modes in models 1.90R1000-2 and 1.9Mable 5.Overstable nonradial & 1) p modes in models 1.90R1000-2
ND for several agest identifies models for which there is at least onend 1.90-ND for several ages. identifies models for which there is

mode withn > 0.0. at least one mode with > 0.0.
=0 =1
n n
age(Myr) 1 2 3 4 5 6 7 8 age(Myr) 1. 2 3 4 5 6 7 8
1.90R1000-2 1.90R1000-2

101 101
300 300
503 503
670 670
1003 + + + + + 1003 + + + +
1098 + + + + 1098 + + +

1.90-ND 1.90-ND
101 + 101 + + +
300 + + 300 + +
502 + + 502 + + +
670 + 4+ + o+ 670 + + + + o+
1003 + + + + + + + 1003 + + + + +
1105 + + + + + + 1105

of metallicism and pulsations? Does the larger driving in the 1-60F
iron-peak opacity bump play a role in exciting g modes in CP
stars? 1.50

8.1. The variability of an Am star across the instability strip

1.40
The evolution of a 1.9 M, star from the ZAMS to hydrogen {Q b
exhaustion in the core spans almost the full width of the instabif
ity strip as shown in FidJ1. Studying the evolution of instability’
in models for such a star as it evolves gives a first idea of the
behaviour of Am stars in general. The luminosity dependence | o
of the instability strip implies that the lower part of the instabil-
ity strip will be populated by young stars and the upper part by :
generally more evolved stars. This should be taken into account 1-10 |
if one attempts to extrapolate the following results to stars of : : ]
different masses. S N T A
Tableg # andl5 show the general pattern of overstability for 4.00 3.95 3.90 3.85 3.80
radial ( = 0) and nonradiali(= 1) p modes, respectively, in an log T, (K)
evolving 1.9 M;) model with and without diffusion. The model

with diffusion shown here is an adequate representation ofig. 1. Various classes of peculiar and variable A stars in the HR dia-
classical Am star (see Fig. 22 of Richer etal. 2000). gram and evolutionary paths for some of our models whose mass are
icated in the graph (these paths are for models R1000-2; paths for

First, one can see that no overstable modes, radial or dﬂtﬂ dels at th Id be indistinauishable at thi
erwise, are found in the young model with diffusion (Am stal’%&EIr models at e same masses would be indisinguisnav’e at this

h hiah-ord d dicted to b table i ale). The squares identify the stars of Kurtz (1976) while the dia-
whereas nigh-order modes are predicted to be overstable in fye, identify theé Scuti stars observed by Russell[(1995). The black

model without diffusion (a standard model forScuti stars, o5 mark the position of the models listed in Tatiles 1 thr@igh 3. The

i.e., @ homogeneous envelope with solar composition). As %ted lines identify the approximate boundaries of the instability strip.
stars age, the lower-order modes are gradually more excited

and eventually the fundamental mode becomes overstable in

both models. In the model with diffusion, the superficial heliurference in the helium abundance for these two models suggests
abundance reaches its lowest value at 750 Myr where it is 0.Xhdt the pulsations in evolved stars occur without relying on the
by mass. The model is stable at that time. The more evolvéedge-up of helium nor on hypothetic mass-loss but only as a
models tend to be more unstable. At an age of 1.098 Gyr, fasult of their evolution. This result is in agreement with Cox
example, the helium mass fraction rises to 0.126. The small dét-al. (1979) and earlier work which showed that stars would be

1.30F
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expected to be variable in the red part of the instability strip if
their helium abundance were of the order of 0.1 or higher. ~

As far as nonradial modes are concerned, the same ovetall -0
behaviour as for radial modes is repeated, although the Iabelilxlﬁg—o.l 3
of the modes presents some problems. Nonetheless, a presehta-o.2
tion such as Table 5 illustrates the general evolution of oversta- _ 5
bility in nonradial modes; here the mathematical mode orders,
defined such that the mode order of a given mode is constant
during the evolution of the model, are shown. Thisis notdirectty 0-1F
related to the physical nature of the mode, however. For pmodés, ¢.0E
including radial modes, the dimensionless frequEnnwmal- ﬁ
ized with the dynamical timescale of the star, is approximately —0-1
constant during the evolution. In contrast, the dimensionleSs —-0.2 f
frequency increases for g modes, which are strongly affected
by the composition structure in the stellar interior. Where the o0.0f
frequency éa g modes meets the frequendyaop mode, an 5
avoided crossing takes place, at which occurs a shift in mode ~
order for a given frequency, or conversely a shift in frequenqi} -0.4F
for a given mode order (e.g. Osaki 1975). Thus, in contrast¥ _
radial modes, there is no firm correspondence between mode®r-
der and dimensionless frequency through the life of a star. Even-0.8 . . .
so, a table corresponding to Table 5 but based on a definition 0.0 0.2 0.4 0.6 0.8 1.0 1.2
of the order more closely related to the physical nature of the Age (Gyr)

modes, would have shown a similar overall pattern. The mqtgy > variation of the growth rate of selected radial modes as a function
evolved models feature overstable nonradial p and g modeseffage in models of 1.90 M. The dot-dashed line represents model
the most evolved model, the last model of 1.90-ND, the over-90-ND, the dashed line 1.90R10K-2, the solid line 1.90R1000-2, and
stable modes all have the physical nature of g modes, spannhegdotted line 1.90R300-2.

periods of 1 to 3.5 hours. Some modes, at avoided crossings,

are mixed modes which share p and g mode characters.

Two models with a turbulence depth bracketing that of the The detailed effect of diffusion on the opacities of A stars is
model discussed so far are also available at this mass. In {iigtrated in FigCB where the opacity is shown for the same four
model with shallower mixing (1.90R300-2) only one mode ighodels at 670 Myr. The other panels show the evolution of the
found to have a positive growth rate, the: 0,n = 3 mode for  argument of Eq[{5) for ages of roughly 100, 670 and 1000 Myr.
the model at 1.098 Gyr. No overstable nonradial modes hapge most striking effect is the increase aroung7’ ~ 5.3
been found. The minimum helium abundance at 750 Myr é&used by the heightened iron-peak opacity bump. The effect of
0.0734 and increases to 0.0871 at 1.098 Gyr for this star. In the settling of helium arounlbg 7' ~ 4.5 appears minor in the
model with deeper mixing (1.90R10K-2) the minimum heliurfigure, but this ends up as being the dominant effect.
abundance reached is higher (0.180) and the youngest age atonsidering just Fi§]3 can give a false impression of the
which overstability is found is 850 Myr. This confirms that themportance of diffusion in different regions. A truer impression
blue edge of the instability strip is sensitive to the helium abups obtained from Fig:}4 where the growth rates for radial modes
dance, which has long been established (Cox et al.11979 ajd shown together with the work integrals for two of those
references therein). modes, thé = 0,n = 1 and thd = 0,n = 8, again at 100, 670

In an attempt to give a better picture of the evolution afnd 1000 Myr.
the excitation of various modes in the star, Eig.2 shows the Evidently, the work integrals for different models are close
change in the growth rate as a function of time for 3 differefi each other in most regions of the star. The differences are
radial modes in all four models of the 1.9ystar. This figure |arger forthe: = 8 modes which is reflected in the growth rates.
reflects the preceding discussion in the sense that the growHe driving due to helium abg 7" ~ 4.7 is the feature most
rates of low-order modes increase with passing time and t@fiously affected by diffusion, decreasing as helium settles
high-order modes become less excited. It also shows that #ig of the convection zone. Diffusion has some marginal effect
effect of diffusion is much stronger for higher-order modes the iron-peak opacity bump for the = 1 mode where it
The different evolution of the growth rates of the- 0,n = 8  partially compensates the effect of He settling but it has no
mode after 700 Myr in the models with and without diffusiorffect whatsoever for the higher-frequency= 8 mode. The

0.2F

is noteworthy. This will be discussed again shortly. differences from model to model are more easily seen in the
growth rates which have already been discussed.
® e.g.o, defined byo® = R3w?/(GM) where M and R are total Comparing the evolution of driving in the models with and

mass and surface radius of the star, @hid the gravitational constant. without diffusion in Fig[4 explains the different evolution of
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towards the surface at 1.0 Gyr between the 1.90-ND and other
models is probably an age effect. The model without diffusion
is slightly more evolved than the models with diffusion at a
given evolution time because the former was computed using
the Livermore Rosseland mean opacity tables rather than the
monochromatic opacity tables.

Fig[3 illustrates the dependence of the growth rates on the
surface helium abundance for different ages of the 1:9rivbd-
els. Three modes were selected, the fundamehntal), n = 1),
a higher-order p modé & 0,n = 8) and ag model(= 1,n =
—14) at 100, 670 and 1000 Myr. As one could have predicted,
both p modes are very sensitive to the depletion of helium at
the surface. The higher the frequency of the mode, the larger
the slope of the correlation. For the g mode, there is a slight
anti-correlation which shows that it is weakly correlated to the
level of driving in the iron-peak opacity bump.

The periods of the modes predicted to be overstable are
A | \./] summarized in Tablg 6. First one can verify that the periods are

s s s s s . within the observed period range férScuti stars. Their peri-
4.5 o 5TO(K) 5.5 45 o 5TO(K) 55 ods are known to range from 30 minutes to 6 hours. The young
& £ models discussed here feature periods of 20 minutes while older

Fig. 3. Evolution of the opacity in the various 1.90dvimodels dis- models are characterized by longer periods, roughly between
cussed in the text. The panel on the upper left shows the logarithmopfe and four hours. While we find periods well below the cur-
the Rosseland mean opacity at an age of 670 Myr for all models. Tlhtly observed lower limit fos Scuti stars, we know of no
other three panels show the variation of the argument of Eq. (5) at thfge son to exclude their existence outright.

ages: upper right at 100 Myr, lower left at 670 Myr, and lower right  pyigq gion has little effect on the periods of oscillation. There
at 1000 Myr. The curves are associated with the following models: . . . - .
. . 1S a systematic trend for diffusion to increase slightly the pe-

dot-dashed line for 1.90-ND, dashed line for 1.90R10K-2, solid line . . .
for 1.90R1000-2. and dotted line for 1.90R300-2 riod of a given mode. The relative difference between the same
modes in the models shown in Table 6 is of the order of a few

per cent with no clear dependence on the order of the modes.

the growth rates of low and high-order modes in the presenceéttually, most of the difference could be consistent with only
diffusion presented in Figl 2. In Figl. 4, the height of the peal¥olutionary effects related to the use of Rosseland opacity ta-
due to HI, atlog T ~ 4.1, increases with time at a rate quite’les for the ND model. If we compare the periods of the radial
similar in all models shown. However, the evolution of the pedRodes of models 1.90R1000-2 and 1.90R10K-2, which are both
due to helium, atog T ~ 4.7, differs significantly for models computed with the monochromatic opacity tables, we find pe-
with and without diffusion. As discussed previously diffusiofiiod differences typically only a fifth of the differences between
causes a decrease in helium driving, but it has little effect 8t models calculated with differing opacities.

driving from hydrogen in the H ionization zone. The relative

contribution of hydrogen to the net excitation of amode is larggra. The effect of diffusion on the instability strip

in higher-order modes, as illustrated by comparing the evolution

of then = 8 and then = 1 modes in Fig:4, and is also IargerThe effect of the settling of helium on the width of the instability

in models with diffusion because of the lower excitation froritrip has already been studied by Cox etal. (1979). They found
helium. that the main effect was a reduction of its width, the blue edge
As a result, with the passage of time, the net excitation ofRifting towards the red edge, eventually leading to the disap-
high-order mode is less affected by diffusion than a low-ordBgarance of instability when helium was sufficiently depleted.
mode. This can explain why, for higher-order modes shown A% has been touched upon in the preceding section, the present
the bottom panel of Figl2, the growth rates are less advers@lgdels seem to follow the same pattern.
affected by diffusion than would have been expected from a In order to gain a somewhat more complete vision of the
Simp]e extrapo|ation of the evolution in the young stars. effect of diffusion on the width of the |nStab|l|ty Strip we need
There are some apparent numerical effects in the work int8-€xamine a larger sample of models of A-type stars with and
grals that are caused by the manipulation of the opacity tabl@éthout diffusion. For this purpose, additional models of 2.0
First, there are obvious spurious oscillations of the work int&nd 2.2 My with various assumed turbulence were selected.
gra|s for then = 1 mode. A|th0ugh these oscillations Change The effect of diffusion on the width of the classical instabil-
the growth rates slightly, one still gets an accurate assessniBh$trip can be estimated from F[g. 6 where our models which
of the differential effect of diffusion as the numerical feature@xhibit variability are shown in the HR diagram. In each panel
are the same for all models. Also, the apparent temperature s@ffthe figure, all models have the same turbulence parameteri-
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Fig. 4. Growth rates«() for low-order radial
modes! = 0 (left) and the work integrals
for the fundamental = 0,n = 1 (cen-
tre) and the shorter period = 8 (right)
modes for models of 1.9 M at 100, 670,
and 1100 Myr from top to bottom respec-
tively. The dot-dashed line represents model
1.90-ND, the dashed line 1.90R10K-2, the
solid line 1.90R1000-2, and the dotted line
1.90R300-2.
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Table 6. Periods in minutes of overstable modes in models of a 1:9 $¢ar with and without diffusion. The upper table lists the periods of
radial modes and the lower table that of nonratlial 1 p modes. Only the models in which at least one overstable mode was found are shown.

Radial modes

age (I,n)
(Myr)  (0,1) 0,2) (0,3) 04 (05 (06 (07 (08
1.90R1000-2
1003 164.30 130.37 104.85 87.32 75.22
1098 170.70 135.32 108.52 90.39
1.90-ND
101 22.38
300 28.03 25.14
502 36.11 32.00
670 55.39 47.65 41.66 37.01
1003 16347 126.41 101.49 8455 7254 63.69 56.66
1105 209.26 161.28 128.88 106.93 91.75 80.46
Nonradial modes
age (I,n)
(Myn)  (1,1) (1,2) (1,3) 14 (@15 (@16 @17 18
1.90R1000-2
1003 126.46 101.74 85.00 74.22
1098 105.73 97.90 87.68
1.90-ND
101 26.52 23.60 21.29
300 29.77 26.51
502 38.91 34.06 30.37
670 63.04 5257 45.03 39.48
1003 122.10 98.37 82.08 71.42 66.40 60.43
1105

zation. Clearly, the blue edge of the instability strip is sensitidetermined by observations. It is much better determined via
to the efficiency of the diffusion processes, which means thhe driving of§ Scuti-type pulsations.

it is sensitive to the assumed turbulence. It provides additional In practice, each mode of oscillation has an individual blue
and independent constraints on the turbulence model. The sdge and each mode is affected differently by diffusion. Tables 4
perficial metal abundances constrain the turbulence (see Ricired[3 and Fid.J5 suggest that the blue edge for the fundamental
et al..2000). However, the superficial He abundance is poorhode is only slightly shifted to the red compared with normal
stars except if turbulence is better represented by the R300-2
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abundance is shown for four models of 1.9 Mith varying turbulence. Fig. 6. The position of our models of 1.9, 2.0 and 2.2,Nh the HR

The lines link the values of for the various modes fordlfferentmodelsdiagram. Models for which at least one mode is predicted to be over-

ofthe same age: the dotted lines are for models at 30 Myr, the solid “sp[%ble are marked as filled circles, whereas those where we found no

at 670 Myr and the dashed I|n_e at .1 G_yr. The higher is the turpmen(?\?erstable modes are marked as open circles. Each of the four panels
in a model the more to the right it will be placed. Models Wlthoushow models with similar turbulence: The upper left for models without
diffusion always havé’/Yinitian = 1.0. The models are in order of i PP

. ) ) diffusion, upper right for models with large turbulence (e.g. R10K-2),
increasing turbulence: 1.90R300-2, 1.90R1000-2, 1.900R10K-2 a}ﬂg lower left for models with turbulence approximately representative

1.90-ND. Three modes are shown:= 0,n = 1 as diamonds; = of Am stars (R1000-2), and lower right for models with less turbulence
0,n = 8 as asterisks, and= 1,n = —14 (g mode) as squares. (e.9. R300-2)

model. The results of Richer et al. (2000) do not exclude this
model, at least not for all Am stars. The blue edge for higherariable; thus, itremains to be seen whether our evolved Am-star
frequency modes is shifted significantly as soon as the He abumedels are comparable with the observed variable CP stars. To
dance is slightly reduced. verify if this is the case, the most evolved models of 1.90R1000-
As indicated in Fig. b we have considered only models hat; 2.00R1000-2 and 2.20R1000-2 are compared here with the
ter than the observational red edge of the instability strip. ariable metallic stars observed by Kuiitz (1976).
is likely that the return to stability for cooler models would be The positions of these stars are first shown in a tempera-
dominated by convective effects (e.g. Houdek étal. 1999), whitthre — gravity diagram (Fi@l7) to see if the models are in an
are ignored here. On the basis of time-dependent mixing-lengtolutionary state comparable with the stars in our reference
calculations (Gough1977; Balmforfh 1992) one finds that tlsample. The variable 1.90R1000-2 model at 1.094 Myr and the
convective effects grow rapidly as the red edge is approacheadiable 2.00R1000-2 model at 850 Myr are both on the cool
(e.g. Houdek 2000), although they have significant influence side (roughly 500 K cooler than the average) of the observed
the stability properties also in somewhat hotter stars. Even stars. Surprisingly, the 2.20R1000-2 model at 670 Myr, which
we expect that our qualitative conclusions, and the results israpparently a close match to two variable metallic A stars and
differential effects of diffusion, are robust. which is much more compatible with the sequence of variable
metallic stars than the cooler models, is predicted to be stable.
This may or may not be a serious difficulty given the uncertainty
of effective-temperature determinations for CP stars.
The § Delphini spectral sub-type has been shown to be a very The surface-abundance signatures of the Kurtz (19D&)-
inhomogeneous group of stars consisting of classical Am stagshijni stars and of the three selected models of the evolved Am
evolved Am stars and other stars which are essentially norrstdrs are compared in Fig. 8. In a second panel we repeat the
A stars (Gray & Garrison“1989). Amongst those, theuppis surface abundance of the evolved 2.2@ lut then compared
stars are those which are thought to be evolved Am stars. Sanith the two stars closest to it in Figl. 7, which are HR1706 and
of these evolved Am stars have been shown to be variableHR6561. These two stars have very nearly normal abundances
was shown in Sedi. 8.1 that models of evolved Am stars canthat are closer to the surface abundances of a 2.20R10K-2 model

8.3. Comparison with variable evolved CP stars
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As Richer et al.[(2000) pointed out, care must be taken when

4.0 4
i ) ] comparing with observed abundances due to large variations
6 3.8¢ + +t ¢ = E in the abundances determined by different observers. Although
a0 3.6 — + - one cannot claim that the global properties of the present mod-
™ a4l + 3 els are a perfect match to those of individual variable CP stars,
3 + o+ ] there is a qualitative agreement for the stars taken as a group.
3.2F . , , , E Better observational data for these stars would greatly help the

392 390 3.88 3.86 3.84 3.82 interpretation of the results.

log Ty (K)

Fig. 7. Effective temperature vs gravity for evolved CP A stars. Th§'4' The excitation of g modes in A stars with diffusion

the crosses. The models: filled square is for 1.90R1000-2 at 1094 M¥e g modes become gradually more and more excited. The ef-

the filled circle is for 2.00R1000-2 at 854 Myr and the open circle
for 2.20R1000-2 at 670 Myr. Filled symbols represent models in whi
overstable modes are found, the open symbol represents a modé

which NO overstable mode was found.

II‘%Ct of diffusion on the excitation of p modes and g modes of a

% M, star was discussed in Sect.]8.2. It was shown there that
p modes are stabilized through diffusion whereas g modes tend
to be excited as a result of that process. In the more evolved

0.6F R ] stars presented here, some g modes are predicted to become
0.4F + 9 overstable. For example, we find all overstable modes in model
— 0.2 - + +i?io E 1.90-ND aF 1.105 Gyrto be of the physical nat'ure of gmodes (the
& oo + ++’" ! Pk ; ] mathematical mode orders are very confusing for that model).
2 _oof® + Qi e & ¥ E However, the modes which are found to be overstable in our
—04F & = i ) @,Q-Q’# + i 3 models are low-order modes for which the driving from helium
06 _§§§8@ . . 4 ] is significant. Therefore, the effect of diffusion on their excita-
0

25

tion is similar to that of low-order p modes, i.e., the settling of

5 10 15 20 30
Atomic Number (Z) helium leads to a reduction of their excitation.
As anexample for one of these g modes, we get the following
0.61 . growth parameters for the= 1,» = —1 mode in the differ-
04F L ent models of 1.9 M, at roughly 1 Gyr, in order of decreas-
. o2k g ing helium content in the driving region: 0.0864 for 1.9-ND,
é N 0.0891 for 1.9R10K-2, 0.0294 for 1.9R1000-2 an@l 0098 for
2 25 , 1.9R300-2.
TR oe : The detection of g modes inScuti stars has been problem-
:8'25' b R T X T E atic. Models for evolved A stars predict a very dense spectrum
o 5 1'0 1'5 2'0 2'5 30 of overstable g modes while observations so far show little ev-

Atomic Number (Z)

idence of such variations (GuZik 2000). In addition, Breger &

, ) . Beichbuchner[{1996) show that there is no observational evi-
Fig. 8. The logarithm of the observed and predicted abundancesqap e for Jong-period g modes (of the nature of those observed
evolved Am stars and Delphini stars are shown as a function of th in cooler~ Doradus stars) i Scuti stars. The models sug-

atomic number in both panels. The crosses are the observed val uggt that thev would not be easier to find in evolved Am stars
of Kurtz (1976) foro Delphini stars. In the top panel, three modeld y wou ! Ind In evolv !

are shown: 1.90R1000-2 at 1094 Myr (illed circles), 2.00R100085PeCially considering that convective effects should become
at 854 Myr (open circles) and 2.20R1000-2 at 670 Myr (open diicréasingly important in models leaving the main sequence.
amonds). In the bottom panel, the predicted abundances for model
2.20R1000-2 at 670 Myr are repeated along with the observed abun- L . L .
dances (Kurtz T976) of HR1706 and HR6561. 9. Is there a seismic signature of diffusion ind Scuti stars?

In generaly Scuti stars are fairly fast rotators in which diffusion

is not expected to be important. In those stars for which diffusion
which would probably pulsate at thBt; andlog g, if it behaves could be importantitis legitimate to ask in what measure it could
similarly to the 1.9R10K-2 model. influence their modeling.

Fig[8 shows that there is little variation in the surface- The high-amplitudé Scuti (HADS) stars are typically slow
abundance profiles between the three evolved Am-star modetsators and as such are candidates to become Am stars. They are
This is due to the fact that the depth of the mixed region characterized by high-amplitude pulsations compared with their
similar in these models since we adopted the same turbulencemal counterparts. All evidence currently points to HADS be-
parameterization in all three. There is a significant scatter in timg normal stars (Hog & Petersen 1997) following normal stellar
observed abundances of these stars. Nonetheless, the maaleltion (Petersen & Christensen-Dalsgeard 1996). They are
lie in general within the envelope defined by the observationst distributed uniformly in the instability strip but occupy only
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a strip some 300 K wide. If the high amplitudes were linked tothe displacement velocity is small over those scales and one
particular non-linear effect caused by the low rotational veloewould not expect turbulence to be necessarily generated as a
ity this could have interesting repercussions on the stability i&fsult.
other slowly rotating A stars, such as the Am stars. Certainly, Ourunderstanding of the extent to which pulsations are lam-
nothing in our results would lead us to believe that diffusiomar or generate turbulence is too incomplete for us to speculate
by itself, would generate higher-amplitude modes in A starfsirther on the link between the turbulence assumed in Am stars
The lack of abundance anomalies in HADS might simply kend the observed pulsations.
due to their advanced evolutionary state and the depth of the
convection zone at that time. )

As has been briefly touched upon in the introductioht Conclusion

(Sect[2) somé Scuiti stars may exhibit abundance anomaliegye have investigated the impact of diffusion on the stability of
These anomalies are not small contrary to what one might @xtype main-sequence Population | stars. The models include
pect. In fact, one can see a scatter of [Ca/Fe] fro6 t0  the consistent abundance evolution of all important elements
0.7 and depletions of carbon of up to [C/Fe] —1.3 in Rus- and its impact on stellar structure. In these models helium re-
sell's (1995) results. Referring to FIg. 8 it is evident that thgains present in the Hd ionization zone and the opacity in the
anomalies reported by Russell are higher than those obseryg opacity bump increases substantially, raising the possibility
in evolved Am stars. Similar results have been also publishgfla strong relationship between variability and diffusion.
by Rachkovskaya (1994) and her other work referenced therein. We present evidence that young Am stars are stable against
Although the anomalies have the overall appearance of difiving from the x mechanism and that, as the stars evolve,
fusion, e.g. depleted C and Ca, normal Si and enhancedtff&y become unstable, but only when near the red edge of the
and Ti, the scatter of the observed abundances is so large gadeability strip. Hot Am stars need to be more evolved than
make any correlation between the abundances of the differegbl Am stars before variability can occur. The blue edge of the
elements very difficult. There is no systematic signature of difistability strip for metallic A stars is sensitive to the magnitude
fusion as found in Am stars (cf. Richer etlal. 2D00) or even i the abundance variations and is thus indicative of the depth
the more evolved Am stars shown in Hig. 8. Moreover, some &f mixing by turbulence.
those stars exhibitasin i as large as 100 to 150 km's The stability of A stars is more sensitive to the evolution
In other more standaré Scuti stars the abundance anomasf the abundance of helium than to the accumulation of iron-
lies are expected to be small. In such cases, the effect of gigak elements. In stars with very little turbulence the iron-peak
fusion on the seismology of those stars would be subtle. Pfﬁr\/mg region can become Convective|y unstable thereby re-
vious experience in lower-mass stars (Turcotte & Christensefircing the radiative flux there and negating the driving effect
Dalsgaard’1998) suggests that any seismic signature of diffusigihe enhanced opacity bump. However, in the models which
would be overwhelmed by other effects such as convective-c@fi@ representative of Am stars, the turbulence is high enough to
overshoot, for example. In the event that the iron convectigfevent the formation of that iron convection zone while allow-
zone would develop, one could expect a clear seismic sigigy a significant increase of the opacity bump due to iron-peak
ture if a sufficient number of oscillation modes were identiﬁe@jementsl Still, 0n|y a margina| positive effect can be seen in
Guzik (1993) pointed out that helium settling may have sonfige long-period g modes. The higher-frequency modes depend
consequence on observed properties®€uti stars, such as themostly on the helium abundance and somewhat on the hydrogen
light curve. abundance.
There are a number of caveats relevant to the present work.
There is no direct link between the normalized growth rates
n and the actual amplitude of the pulsations as evidenced by the
In their discussion of metallicism and pulsations, Kurtz anldwer number of modes observedicuti stars relative to their
collaborators have made the point that pulsations involve ragicedicted number. Additionally, comparisons to models at solar
motion to a substantial depth in the star. They argue that veleomposition by J. Christensen-Dalsgaard and W. Dziembowski
ity of the displacement generated by the pulsation remains higéive shown that the growth rates are sensitive to the details of
throughout the region in which the abundance anomalies #ne modeling. In general, in the stars we compared at 1.8 and
thought to be formed (referring for example to the eigenfuné-9 M), the growth rates were lower in our models than in either
tions displayed in Fig. 8.2 of Cox 19B0). They speculate that tbétheir models.
high velocities might generate turbulent mixing and therefore The treatment of convection in the present work is simplis-
inhibit the occurrence of metallicism. tic. Convection and turbulence are known to damp pulsation to
Although the velocity of the radial displacement might ba certain extent. The most striking and well known evidence of
large, turbulence is expected to be generated not by the spmdeffect of convective damping is the red edge of the insta-
of the displacement itself but rather by velocity gradients: a fastity strip [Gough [1977); Gonczi & Osaki (1980); Balmforth
but uniform displacement will not become turbulent. The scate Gough (1988); see also Buchler et al. (1999) for a recent
on which the displacement occurs is much greater than otheview]. Turbulence affects pulsations in two ways: 1) through
relevant scales, e.g. the pressure scale height. The gradiertudiulent viscosity, which always dampens pulsations, and 2)

10. Pulsation and turbulence
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through the phase difference between entropy variations @wmforth N. J., 1992, MNRAS 255, 632

the modulation of the convective flux, which can either excit@almforth N.J., Gough D.O., 1988, In: Domingo V., Rolfe E.J. (eds.),
or dampen pulsations. It is the latter effect which is responsible Seismology of the Sun and Sun-Like Stars, ESA SP-286, Noord-
for the red edge of the classical instability strip. While the in- Wijk: ESA Publications Division, p. 47

teraction between turbulent convection and pulsations has b&8&¢ge" M., Beichbuchner F., 1996, A&A 313, 851

. : . hler J.R., Yecko P., Kdith Z., Goupil M.-J., 1999, In: Gignez
studied, the effect of turbulence outside of the convection zo ’ ' ’ ' ’
is unkné)wn A., Guinan E.F., Montesinos B. (eds.), Workshop on Stellar Struc-

. . e . ture. Theory and Tests of Convective Energy Transport, ASP Conf.
In the models including diffusion, the coupling between tur- g iog 173, p. 141

bulence and diffusion might be very important. For the prese@y j.p., 1980, Theory of Stellar Pulsations, Princeton: Princeton Uni-
models reproducing Am stars, the turbulence extends to a sig-versity Press
nificant depth below the convection zone. While the energy flgox A.N., King D.S., Hodson S.W., 1979, ApJ 231, 798
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