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Abstract. Thorough discussion of the previous theoreticalontradictory, as well as those derived from photospheric ve-
works on the pulsation of Long Period Variables leads us lacities (Hill & Willson 1979, Willson 1982) and accelerations
the conclusion that the mode periods predicted by linear mqduchman 1991).

els must significantly differ from the reality, and that, if one Apart f . tant ob tional taini the |
nevertheless relies upon such a modelling, it is at least nec- part from important observational uncertainties on the iu-

essary to change the mixing length. The hypothesis that [osities and radii or effec;t!ve temperatur;ag, ?Ve? ft%r nt(;arby
so—derived mode periods be reasonably reliable is supporte S, numel{ousbﬁorl:rcc:jes 0 |I?a}(?curacy pelr ammgi othe o ect)ry
confrontation between a model grid based on these grounds Hefen on all published results. Tor example, nonlinear etects,

the luminosities of LPVs in the Large Magellanic Cloud anaoupling with the stellar wind at the outer boundary, turbulent
ressure and coupling between convection and pulsation are li-

in LMC clusters, as well as the luminosities and effective terhs le to sianificantly affect th iod q wih rat fth
peratures of Miras in the solar neighbourhood. A wide major’%> € to significantly aftect the periods and gro rates of the

of the Miras appear probably pulsating on the first overto odes at given mass, luminosity, temperature and metallicity.

and the sample Semi—Regulars on the second. However, a & to now, it has been impossible to build fully reliable dynam-

nificant proportion of Miras seem to be fundamental pulsatorlg. I quels, so that we are still compelled to use linear models,
suming perfect reflection at the outer boundary. As a conse-

Individual masses are derived. A few stars are probably und&r the debate is still far f bei losed
going hot bottom burning, while two seem to have a peculigPence’ € debate 1s still far from being closed.

dust envelope. The primary purpose of this paper is to examine to which
extent and under which conditions one may still rely (as usually
Keywords: stars: AGB —stars: oscillations —stars: fundamentdbne) upon linear models so as to fit the observed distributions of
parameters — Magellanic Clouds the luminosity and temperature with respect to the main period,
and to derive the identity of the predominant pulsation mode,
together with mass estimates. The main theoretical uncertain-
ties are first reviewed in Sect. 2. This leads to the conclusion
that their overall effect is important, but might nevertheless be

The problem of the identity of the predominant pulsation modBoderate enough to permit the use of grids of linear models.
of LPV stars, especially the Miras, has been debated for decalid8is is actually the case, it appears indispensable to allow
and is still unresolved. One way to conclude is to analyze tH¢ mixing—length parameter to depart from the value usually
light curves of many stars on the long term and to identify se@dopted for other types of stars, and possibly to vary along the
eral probable modes, whose periods are then compared to a §f&B: in this empirical way, itis accounted (at least partially) for
of theoretical models. This became possible only recently afhtg Period and temperature shifts resulting from the simplified
was performed for a few stars by Bag#& Tuchman (1994) and input physics of the models. We present, in Sect. 3, the basics
Barthes & Mattei (19974, b, c), using linear pulsation model€f such a model grid, with a mixing length chosen in agreement
Pulsation on the first overtone, with a few other excited modé&¥lth the results of lightcurves analysis. In Seets: 5, thegrid
appeared the most likely. On the other hand, various attemﬁtgonfror_]ted with the penpd—lummosny d|str|bu_t|on of M|ras.
at determining the predominant pulsation mode have been défél Semi-Regulars found in the Large Magellanic Cloud and in
by comparing the main pulsation period and observationally éé\/IC clusters, aswellas to_the |_nd|V|duaI Iumln_osmes and effec-
timated luminosities or radii of many stars to the predictions §¥€ témperatures of 22 Miras in the solar neighbourhood. The
linear pulsation models (Willson 1980, Robertson & Feast 19g€sults are discussed in Sect. 6. The grid fits both the LMC and
Wood & Zarro 1982, Ostlie & Cox 1986, Wood & Sebo 19969alactic data with masses consistent with evolutionary calcula-

Van Leeuwen et al. 1997, Van Belle et al. 1997). Results wéf@ns, the first overtone being the most probable predominant
mode for a wide majority of Miras. However, a significant part

* Based on data from the HIPPARCOS astrometry satellite seem to be fundamental pulsators. Semi—Regulars in the sample

1. Introduction
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probably pulsate on the second overtone. Masses are deriveddoot only coupled to the pulsation, but also significantly phase—
the nearby Miras. lagged, and its variation amplitude is lower than in the case of
Indication for hot bottom burning (high mass) is found for d@fistantaneous adaption to pulsation (Cox & Giuli 1968). Non-
least three stars. Discrepancy between luminosity and temgeeal effects, due to the irruption of material from nearby eddies
ature suggests that two stars have peculiarly close, dense dfstthe considered zone, have similar smoothing consequences
shells, possibly related to the thermal pulse cycle. and should be taken into account for nonlinear calculations (see
The overall agreement between the models and the obdglow).
vations suggests that nonlinear effects might be not as dramaticUp to now, only a few attempts have been made at deal-
as suggested by some recent hydrodynamical calculations. ing with time—dependent convection in Miras by using vari-
ous simplified formulae, such as in Keeley (1970a, b, c), Wood
(1974), Fox & Wood (1982), Balmforth et al. (1990), Cox &
2. The theoretical issue Ostlie (1993) or Wood & Sebo (1996). Consistently with these
models, one can straightforwardly, but qualitatively, guess the
effects of phase—lagged convection: in the ionization regions
Though usually adopted, perfect reflexion on an isothermal &evering most of the convection zone), convection allows the
mosphere does not constitute an appropriate assumption foraxward transfer of thermal energy which would otherwise be
tended envelopes undergoing a strong stellar wind. Part of themmed up by the increasing opacity during the compression
pulsation energy is transmitted throu- gh the outer layers phase. In other terms, themechanism gets somewhat coun-
shock waves, leading to a damping of the pulsation. Accorditgracted. Thus, reduced variations of the convective flux over
to Pijpers (1993), coupling of the pulsation with the strong stéhe pulsation cycle, with respect to the instantaneously adapt-
lar wind results in the apparition of new modes, including margg case, result in a more nonadiabatic pulsation inside the ion-
with periods longer than or intermediate between the classitzdtion regions (representing most of the convection zone). In-
linear modes. Most of the modes are strongly damped. The effergased nonadiabaticity leads to a shorter linear fundamental
of the stellar wind onto the modes corresponding to the classioabde period and smaller period ratios of the fundamental, first
solutions is a significant damping. Their linear periods and paad second overtone periods, while the linear growth-rates in-
riod ratios, in these calculations, are larger than in classical m@tease (hence a larger pulsation amplitude). The fundamental
els, mainly because the (partial) reflection of the waves occursrznde is the most sensitive.
the sonic point (which depends on the frequency) rather than the As the luminosity (as well as the pulsation period) in-
effective radius or any other fixed boundary. The effects stronglyeases along the AGB, while the mass and temperature de-
depend on the mass—loss rate: as the latter increases (thus azrd@se, the phase—lag may be expected to decreasel’gince
star evolves along the AGB and as the pulsation amplitude 9/~ L'/2T—6 significantly increases({ being the "pulsa-
creases), the sonic point moves inward, which must reduce tto® constant” corresponding to the predominant mode). Hence,
linear periods and period ratios, whereas the damping increasieste is a reduced shift of the linear periods and period ratios.
On the other hand, the pulsation—induced extension of of the en- According to Ostlie & Cox (1986) and Balmforth et al.
velope probably leads to lower effective temperatures, and tfd990), taking the turbulent pressure into account makes it nec-
effect should increase along the AGB. essary to adjust the mixing length parametératio of mixing
length to the pressure scale—height) so as to keep the star on
the AGB core mass—Iluminosity relation without changing the
fundamental parameters. In models omitting time—dependent
Convection is another major source of uncertainty. It is usualtpnvection, Ostlie & Cox (1986) found an increase of the linear
treaten by means of the mixing length theory. In the preserftemdamental period and period rates generated by turbulent pres-
of the pulsation, three cases may be distinguished, accordsuge, whatever the sign of tidechange. However, according to
to the ratio of the pulsation perioR to the mean eddy life- calculations including time—dependent convection (Balmforth
timer = A/ ~ t;;(tsr/tx) "/ (WhereA andv are respec- et al. 1990, Cox & Ostlie 1993), turbulent pressure makes the
tively the mixing length and the mean convective velocity, arfindamental period and the period ratios significantly decrease
tip ~ GTY2M~Y2R3/? andtg ~ GM2L~'R~! are the ;ithasa destabilizing influence, and the growth-rate of the first
free—fall and Kelvin times respectively) [Cox & Giuli 1968]: if overtone strongly increases with respect to the fundamental.
P < T, convection may be considered frozen—in, as was as- Turbulent viscosity, though moderate, tends to damp the
sumed by Ostlie & Cox (1986). If, on the contrady, > 7, pulsation (and to make the star slightly expand), which may be
convection instantly adjusts itself to the variation of the loc#diken into consideration, together with turbulence energy.
conditions induced by the pulsation, as assumed by Tuchman et
al. (1978, 1979), Perl & Tuchman (1990), Barth& Tuchman .
(1994) and Bartbes & Mattei (1997a, b, c). In fact, the mean2'3' Nonlinear effects
eddy lifetime is of the order of the pulsation period (typically.astly, nonlinear effects must be taken into account. They are of
~ 0.3 times the period of the linear fundamental mode [Ostlie &vo types: mechanical and thermal. The nonlinear convective
Cox (1986)]), which means that the convective velocity or flugffects include some important phenomena that linear models

2.1. Outer boundary

2.2. Convection/turbulence
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can by no means approximate, such as the periodic onset/offaained close to the linear ones, and the pulsation was a mixture
of convection at the outer edge of the convective zone. Nonliofboth modes, the latter being predominant.
ear effects are expected to reach their full efficiency after about The main difference between these models lies in the time—
athermal (Kelvin) timescale, which may mean from a few yeagependent and non—local treatment of convection. Yaari &
up to a few centuries. The time—averaged convective flux diffefachman assumed instantaneously adapting convection and
from the static value, which necessarily results in some changgresented the spatial coupling of convective zdyirg within
of structure and mode periods. Growth— or switching—rates mashixing length ofor at least next to) each other by means of a
significantly change, too. Due to computing time requirementseighted average of treuperadiabatic gradient$ollowing the
the long—term nonlinear behaviour of Miras had not been necipe of Spiegel (1963), which uses a smooth weighting func-
ally explored until recently. Shorter—term behaviour (over a fetion, nonlinear with respect to the radial variable. On the other
ten years) has been more extensively studied. These nonlirtesard, Wood (1974) modeled the coupling of zonegt to each
effects may be summarized as follows: otherby using aweighted average of the convectiglcities—
, with a fully linear weighting function — and time—dependence

According to Wood (1974), Tuchman et al. (1979), Pef},, nodeled by means of a linear phase—lag formula applied to
& Tuchmap (1990), Qnd Tuchman (1991), over a few t?tﬂe velocities, too. Lastly, the modeling code of Keeley (1970a,
years, nonlinear pulsation usually makes the star globally shr&gl’kc) used similar phase—lag and spatial averaging formulae ap-

By" < R, Toy" > T2i) by about 10 % (though the starplied to the convectivéiux.

may expand in some cases). The period of the fundamental modepn the other hand, Wood (1995), using the same code as
and the period ratios slightly decrease (or increase, if the s{@r1974, performed hydrodynamical calculations of a model
expands), then stabilize. Among the fundamental and first ovgr: ~ 26 years,tx /P, ~ 45) pulsating on the fundamental
tone modes, the predominant one is the latter if its growth—rg@de, whose convergence was forced by using a huge artificial
per daysignificantly exceeds the one of the fundamental (whigfiscosity during the first 70 years. He obtained a significant
may not be the case of the growth—rptr period. When the - expansiorf the star, which is consistent with Yaari & Tuchman
fundamental mode dominates, the pulsation is usually foupghge), butthe periocreasedThe mode period and the radius
unstable. remained close to the values given by the static model. This
rfesult, and the similar ones obtained from first overtone models,

According to long—term hydrodynamical calculations oﬁae consistent both with the previous works which Tuchman
models having Kelvin timescales of 18 through 87 years a 4s involved in and with Cox & Ostlie (1993), who used a

tx /Py = 9 through 219 (Yaari & Tuchman 1996), after a first' o> . e s .
sit(a/geoof pure ovegrtone pEJIsation (lasting abiy) )the funda- similar scheme as Wood, whithout the huge artificial viscosity
mental mode starts growing, which leads to a mode switchi .t using a_smoother (quadratic) t|me—qleper?dence formula and
Then, the period of the star decreasesyvell asthe mean ef- S0 mc!udmg tqrbulent pressure and viscosity. .

fective temperature (the star expands by a few %). For model Obviously, differences in the treatment of convection/ tur-
with ¢z < 34 yrs andtx /Py < 35, the period chang.]e is Verygtﬁence have important, contradictory effects onto the structure
strong (up to 35 % less with respect to the linear fundamen d pulsation of the star through the highly nonlinear behaviour

mode), while the temperature decreases by 10 %. The pulsa ﬁ:onvection. As noticgq by. Wood (1974), Keeley's choice
I(gads to convergence difficulties, perhaps due to the strong de-

gets finally stabilized on a new period lying between the ori lina f the local and instant iables. Th |
nal fundamental and first overtone modes. The total processﬁ ypiing from the ocal and Instantaneous variables. The nonio-

taken about 10 times the Kelvin timescale. The joint decrea SChe”?e Chosef? by Yaari & Tuc_hman mlght_ be the most real-
of period and temperature corresponds to a change of the 'fliC and I|_ab|(_a to y|e_ld stable nonlme_ar pulsation. On the oth(_ar
ner structure of the star (entropy redistribution), due to therrr%?nd’ their simplistic t_reatment of tme—d@ende_nce (despite
nonlinear effects. As noticed by Baéth & Mattei (1997a), this the advqntage Of.WOI‘kI.I"Ig on_;gperadlabatlc gradients) proba-
unusual phenomenon might be related to the existence of Mampllfles nonlinear |nstab|I.|t'|e's in the long tgrm. One mgst
tiple resonances between the linear modes, and the final perfil rememb_er that the s_ensmwty of the nonlinear pulsat!on
is very close to a combination of the resonant linear modes, fthe numenca_l scheme IS probably_enhanced by the multiple
the pulsation may still have significant projections onto the r_esonancgs_notmed by Baeth& Mattei (1997a).l )
Lastly, itis clear from Sect. 2.2 that models including turbu-

By the way, a similar, drastic period decrease had alrealéyt pressure together with time—dependent convection have a
been found by Keeley (1970b,c) in a model using very simiruch more excited linear first—overtone. This is likely to signif-
lar input parameters as the main model presented by Yaaricgantly change the nonlinear behaviour of the models: in those
Tuchman. However the total time required for reaching the nealculated by Yaari & Tuchman, the initial switch to the funda-
state was only about a Kelvin timescale and the new mean naental mode could be more difficult ; similarly, Keeley’s model
dius and temperature were respectively smaller and higher timaight start pulsating on the first overtone, rather than the fun-
their static values, as in the shorter—term calculations. In cafamental mode.
trast, Wood (1974) did not observe any such phenomenon overConcluding, it is by no means evident that the surprising
a similar time—span in a model using very similar parametergsults of Yaari & Tuchman (1996) actually represent the be-
the nonlinear periods of the fundamental and first overtone reviour of real stars. Itis still a likely hypothesis that the actual
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pulsation remains close to a linear mode or a superposition of In the next sections, we reexamine the issue by fitting
linear modes (though with significant period shifts). to observational data some theoretical period—Iluminosity (or
temperature)—mass—metallicity relations based on a fixed
law. The degree of compatibility of this model grid with the
observation is expected to tell us whether long—term nonlinear

Compared to the most classical models, the openness of the o&H&cts actually remain moderate.
boundary and the turbulent viscosity tend to increase the period

of the fundamental mode and the period ratios of the modes,

while reducing the growth rates. Because of the extension3fModelling

the envelope, effective temperature lower than the static value

may be expected. Period shifts due to the outer boundary téitfn Bartres & Tuchman (1994) and Bath & Mattei (1997a),
to decrease as the star evolves along the AGB. our grid of linear pulsation models is based on the code of Tuch-

et al. (1978). We use the OPAL opacity tables, comple-
ted by molecular opacities of Alexander & Ferguson (1992,

2.4. Summary

On the other hand, phase—lagged time—dependent convgBd"

tion and turbulent pressure, taken altogether, tend to reduce 2).C tion is treated ding to the mixing lenath f
fundamental period, the period ratios, and to increase the ef- ). Convection is treated according to the mixing length for-

fective temperature. The linearly predominating mode (the fil@tal'sm of Cox & Giuli (1968), i.e. without turbulent pressure,

overtone in most cases) gets more excited with respect to Yﬁ%cosity nor energy. Convective velocity is assumed to adjust

others. These effects decrease as the star evolves along the A&%antaneously. The outer boundary, where perfect reflection

Nonli ffects. if that th . q IS assumed, is set at optical depth= 0.01. The core—-mass—
onlinear eflects, 1t we assume that they remain mo erafﬁminosity relation of Pac#yski (1970) is enforced so as to
lead to converse variations of the fundamental periods and

: : . ake the star belong to the AGB. Using this code, we have made
riod ratios on the one hand, and effective temperatures on Edel grids for two metallicities4 = 0.02 andZ = 0.001 ;
other hand. One might expect this shift (whatever its sign) to get_ 0.7), three values of the mixing length parameter 1:

larger as the star evolves along the AGB toward larger ampil_-5 and 2), masses ranging from 0.6 15, and luminosities
tudes ; the concomitant reductiontaf and¢ ;. / P may enhance from 1000,to 50000V/,,

or reduce this effect, according to its sign. ) ,
Evaluating the overall result would require comprehensiye In the preceding section, we have shown that the real be-
) 9 . req P Waviour of the pulsating star differs from this classical scheme
dynamical codes which are not yet available. However, one

n .
- ) . . an amount that may vary along the AGB in a way that cannot
make this important remark : those joint, converse shifts of fuB—e guessed at the very outset, but might be, at least partially, ac-

damental period and period ratios on the one hand and temp%r unted for by varying the mixing length parameter. Low values

tures on the other, are similar (at least qualitatively) to the e1‘feO X (< 1.3) were found necessary in studies using this code

of changi_ng the _ratio\ of the mixing length to the pressure(B‘,ﬂrth\as & Tuchman 1994, Bardls & Mattei 1997a, b) for ex-
scale—height at fixed/, L andZ. ] _plaining the power spectra and scalograms Gkt (period 332

On the other hand, it seems very likely that the overall dlgays), R Leo (315 d) and S CMi (334 d), while fitting their ob-
ference between the results of classical and more sophisticaigfl/ed juminosities and temperatures. In calculations by Wood
models evqlves along the AGB in 'Ehe LPV.domam. Howeveg, sepo (1996), a high value\(= 2.5) was required for fitting
the respective evolutions of the various period and temperatyig pase of the AGB, which lies below the short—period bound-
shifts often contradict each other, so that the overall chang@ of the LPV domain, and where the effective temperature is
along the AGB might be relatively small. Anyway, this canng,,chy petter defined than on the rest of the branch. With our
be decided at the very outset. code and opacities, the same calibration is obtained with the

These considerations lead us to the conclusion that, if opglue A = 1.63 which was found appropriate for the Sun and
leaves aside the possiblity of drastic changes involved by lonfgr RGB stars (Bressan et al. 1993, Claret & @imez 1992,
term thermal effects pointed out by Yaari & Tuchman (1996%challer et al. 1992). It thus seems reasonable to assume for
and thus attempts at determining the predominant pulsati@ir model grid, despite all other uncertainties, that the adopted
mode of Miras by comparing observational estimates of the fusixing length for an LPV star must be lower than 1.6 and de-
damental parameters of some sample of stars to linear modglsases along the AGB. That ismust decrease as the period
one may assume at the very outsetthera fixed mixing length of any given mode increases (preferably the fundamental or first
parameternor the same value as for non—AGB or non-LP\bvertone, since the higher modes are more sensitive to the outer
stars, as Wood & Sebo (1996) and others did. @mustadopt poundary conditions). Considering the numerous, recent obser-
some "effective” value (which, of course, no more represenjgtional evidences for a predominating first overtone (Besth
the convection efficiency alone), so as to empirically minimizg Tuchman 1994, Haniff et al. 1995, Feast 1996, Bastlet
the errors resulting from the simplified input physics. al. 1997a, b, ¢, Van Leeuwen et al. 1997), we assumed a linear

This is confirmed by the smallderived from the confronta- log A—log P; relation, withA = 1.2 at 330 days and = 1.3
tion between a linear model grid and the results of a Fourier aatB0 days (the beginning of the Mira strip). As will be shown in
wavelet analysis of the lightcurves of four Miras (Bash& the next section, this provides an excellent fit to the Mira strip in
Tuchman 1994, Bartfs & Mattei 1997a, b, c). the period—luminosity diagram of the Large Magellanic Cloud.
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Table 1. Periods, mean apparent magnitudes, parallaxes (or statistical distances), and effective temperatureg af peasey Miras (see
text for the meaning of the temperature source—codes).

Star Pld] mMbo(£0.15) @ + 0w [mas] Terr [K] ® muoi(p)  Source
R Aql 284 2.34 4.73+1.19 2539 + 113 0.31 2.25 K
R Agr 387 2.26 5.07+3.15 2568 + 136 0.34 2.00 K
R Car 309 1.74 7.84+0.83
S Car 149 4.65 2.47+0.63
R Cas 430 1.40 9.37 £ 1.10 2300 £150 max, min BB
2625 £+ 150 0.07 BB
2580 £+ 190 0.04 11 RI
2954 £ 174 0.81 1.88 K
T Cas 445 0.59 £ 1.07 2795 + 128 0.30 1.97 K
d =570+ 31pc
R Cen 546 2.38 1.56 £ 0.84
T Cep 388 1.50 4.76 £0.75 2359 £+ 302 0.72 TMbol RI
o Cet 332 0.70 7.79+1.07 2371 + 101 0.85 0.65 K
2381 + 150 max, min BB
2436 & 174 max, min Mbol RI
R Cnc 361 d =366 + 132 pc 0.14 2.12
x Cyg 408 1.39 9.43 £1.36 2242 4+ 140 0.32 TMbol RI
R Hor 408 2.22 3.25£1.08
R Hya 389 0.66 1.62+2.43 2661 + 213 0.28 Mol RI
d =195+ 44 pc
R Leo 310 0.69 8.81 £1.00 2443 + 121 0.21 0.50 K
2315 + 128 0.27 Mol RI
R Lep 427 3.45 3.99+0.85
U Ori 368 2.54 1.52 +1.65
d=378+112pc
X Oph 329 d=322+145pc 3041 %+ 160 0.75 1.96 K
2857 £+ 160 0.75 1.96 K
S Peg 319 3.08 £2.05 2107 £+ 295 0.28 4.24 K
d =449 + 136 pc
RR Sco 281 2.88 2.84+1.30
R Ser 356 3.58 £1.51 2804 + 144 0.32 2.83 K
R Tri 267 4.04 2.51+1.69
d =420+ 95 pc
S Vir 375 d=417+134pc 2787+ 150 max, min BB
2821 £ 050 max, min 3.47 H’

A good fit would anyway be obtained by simply assuming a We show in the same figure the—AMy,,; fit line corre-
constant value\ = 1.2. sponding to the LPVs of the Large Magellanic Cloud with pe-
Under these assumptions, interpolation in the original modéds shorter than 420 days (the reason for this cut—off is that,
grid yields a new one in which the mixing length is no longer @s the convection zone comes deeper, stars with longer periods
free parameter. For metallicities other thar= 0.02 and 0.001, are likely to depart significantly from the standard core-mass—
alinearlog P—Ilog Z relation will be assumed at givéii, M/).  luminosity relation, as shown by the sudden change of slope of
the P—L relation). This relation is:

4. Period—luminosity distribution Myor = =3 log P +2.81

The period—dependence of the mixing length parameter res(fisast et al. 1989), assuming an LMC distance modulus of
in slightly smaller slopes for the period—Iluminosity relation8.54. Itis nearly indistinguishable, in the relevant period range,
at given mass and metallicity. Fig. 1 shows the theoretical linsem the one derived by Hughes & Wood (1990) from a much
obtained for the fundamental, first and second overtone modasger sample, including carbon stars. The dashed lines on both
The masses are 0.6, 0.8, 1 and A/5 for the first overtone and, sides correspond t©0.2 mag., the standard residual deviation
for sake of clarity, 0.8, 1 and 1.&/, for the other modes. The aboutthefitline [the larger residuabf Hughes & Wood (1990)
assumed metallicity i€ = 0.008. includes variability effects, since the magnitudes were taken at
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Fig. 1. Periods of the fundamental (long—dashed lines), first (solidjig. 2. Periods of the fundamental (long—dashed lines), first (solid), and
second (dashed) and third (dotted) overtone modes of model AG&ond (dashed) overtone modes of model AGB stars of masses 0.8, 1,
stars of masses 0.6, 0.8, 1 and A5, (for the 1st overtone) or 0.8, 1 1.5 and 2M, for near—solar metallicity. Squares are the He—flashing
and 1.5M, (other modes), for LMC metallicity. The thick, solid andMiras R Agl and R Hya. The diamond is the symbiotic Mira R Aqr.
dashed lines represent the meadi,(;—P) relation @o) for Miras  Triangles (up) are R Cas andCyg. The triangle (down) is the Carbon

in the LMC. Circles are LPVs near NGC 1850 and triangles are LPétar R Lep. Other Miras are represented by circles.

near NGC 2058/65.

arbitrary phases]. Individual LPVs observed at arbitrary phagesthe K band or (for T Cas and R Tri) at 1.Q4n, using the
in the LMC clusters NGC1850, NGC2058 and NGC2065 atdVl method of Luri et al. (1996), as explained in Alvarez et al.
plotted, too (Sebo & Wood 1995, Wood & Sebo 1996). (1997).

As one can see, the first overtone lines fit well the LMC Mira Most apparent bolometric magnitudes were taken from Van
strip and a first set of 7 cluster stars, for masses ranging frimeuwen et al. (1997). For R Cnc and S Vir, we adopted the
0.6 to about 1.5V : fortunately, this is the most likely massvalues given by Feast (1996). In the case of T Cas, X Oph, S
range, according to evolutionary calculations (Butcher 197Feg and R Ser, magnitudes around phase 0.25-0.30 or 0.75,
Wood 1990, Bertelli et al. 1992). A second, larger—luminositye. near mean light, were taken from Van Belle et al. (1997).
(or shorter—period) set of 9 cluster stars lies within a secofrdall cases we have assumed a standard errarOof5 mag.
strip, parallel to the classical Mira strip and as broad as it:lit fact, the values given by Van Leeuwen et al. (1997), which
probably corresponds to some semiregulars, as confirmedwsre derived from a blackbody fit to numerous recent (or re-
the small amplitude of these stars (Sebo & Wood 1996). Thiently reevaluated) JHKL photometric data, may be systemati-
strip stops around 130 days according to the individual datally underestimated by about 0.1 mag becau$&,6f opacity,
Between magnitudes -3.5 and -4.8, it fits the second overtonelfat also overestimated by 0.1 to 0.2 mag because they do not
masses ranging from 0.9 to 10,. Third overtone pulsation, account for dust emission in the far infrared (Haniff et al. 1995).
seems possible too (but then, one must account for the accougtin Belle et al. probably did not avoid the latter error by using
cut—off period). a bolometric corrections. spectral type relation applied to K

A single star, with very short period, lies above this secodagnitudes. All these data are given in Table 1. The derived
LPV strip: probably a third—overtone pulsating star. mean absolute magnitudes may be found in Table 2.

Theoretical relations assuming near—solar metallicity Three stars are denoted by special symbols in Fig. 2: the
0.02) are shown in Fig. 2. A metallicity decrease by a factor 2§ymbiotic star R Agr (diamond), which fits the fundamental
would result in a luminosity increase by about 0.43 magnitud@ode but is also compatible the first overtoneaipriori not

In the same figure are plotted the estimated mean absolgpresentative of the Mira family. Neither are R Agl and R Hya
bolometric magnitudes of 22 Miras whose distance is now bésguares) which, according to their slow period drift, are very
ter known thanks to HIPPARCOS (ESA 1997). In the case pfobably on the stage immediately following a helium shell
R Leo, as in Van Leeuwen et al. (1997), the satellite—measufakh, making them depart toward higher luminosity from the
parallax was averaged with the ground—based, more preciseAgSB core—-mass—Iluminosity relation adopted in our modelling
timate published by Gatewood (1992). For a few stars havingde (Wood & Zarro 1981). If we nevertheless rely on the model
either very imprecise or no usable parallaxes, we have adopgeid, R Agr is found most probably on the fundamental mode,
a distance derived from their kinematics and parallaxes (if ary)t also compatible with the first overtone, whereas R Aqgl and
by means of statistical calibration of the absolute magnitudedHya are definitely first overtone pulsators.
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350 derived by Feast (1996) from H’ diameters near maximum and

minimum light ; for the others, it was taken from Van Belle et al.
(1997) at a phase corresponding, more or less, to mean light and
mean temperature (this holds to€eti too, because the nearest
light maximum was peculiarly faint, and so the V and bolomet-
ric magnitudes at the considered date were close to the usual
mean). The scaling factors applied to the K diameters by these
authors are the values (0.98 or 1.11) derived from photospheric
models taken at the maximum or minimum of the pulsational
cycle, according to whether the star is closest to maximum or
minimum light. For X Oph we give two values, obtained from
the same diameter with the two different scaling factors, because
— | the star is exactly at phase 0.75.

— In the case of R Cas, we have adopted a mean temperature
3'302.1 23 -5 7 derived from JHKL blackbody fits at maximum and minimum
log P light (Bessell et al 1989), and applied the following correction,
derived from photospheric models of Bessell et al. (1989) :
Fig. 3. Effective temperatures of quel AGBs_tars of masses 0.8, 1, ]fesff ~ Tgp + 2.25(Tsp — 2300)' The error bars are about
and 2M and near—solar metallicity, pulsating on the fundamental.; 5 i/ As a check of the consistency of temperatures yielded
first or secopd o_vertone modes. Individual stars are also shown. Smp\/arious sources and methods, Table 1 also mentions the ef-
symbols as in Fig. 2. fective temperature of R Cas near maximum visual brightness,
derived from blackbody fit (accounting for the abovementioned
Among the 19 remaining stars, owing to theerror bars, 14 correction) and from angular diameters evaluated by Haniff et
are compatible with fundamental mode pulsation with massals (1995) at wavelengths 0.833 and 0.902 ("RI” code), cor-
lower than 2M,. T Cep and R Leo are most probably firstected (as in that paper) according to Model E of Bessell et al.
overtone pulsators with massg2M,. The 3 remaining stars (1995) : they perfectly agree. However, the temperature derived
(T Cas, R Cen and U Ori) are first overtone pulsators with larpy Van belle et al (1997) from K diameters at about the same
massesX 2.5M) and/or low metallicity. phase is significantly higher. This discrepancy will be discussed
On the other hand, if we rely on the mid—point values of tHater.

magnitudes, 9 out of the 19 Miras are most probably pulsating \we have also added the mean corrected blackbody temper
on the first overtone N/ ~ 0.6 through 1.9M, for five out atures for Ceti and S Vir : they perfectly agree with the values

of them). One is ambiguous. The 9 remaining stars match §érived from K and H’ diameters. All temperatures derived from
fundamental mode with masses lower th@: five fit the b|ackb0dy fits are denoted by the "BB” code in Table 1.

first overtone, too, within the error bars, but R Cas gn@yg For R Hya,x Cyg, and T Cep, we used the angular diameters
(triangles up), as well as the carbon star R Lep (triangle dowé\)aluated by Haniff et al. (1995) at 0.833 and 0.902 ("RI"

arjd R 'Car are q§finitely too faint to be first overtone pulsatof§e in Table 1) near mean light, corrected according to Model E
with thls_metalllcny. . ) of Bessell etal. (1995), and we combined them with the accurate
. At .th's stage, pulsation on the first overtone may S€€Myan bolometric magnitudes of Van Leeuwen et al. (1997).
little bit more likely than the fundamental mode for a major't)i'emperatures from the same origin have also been added for

of the sample stars, but no definitive conclusion can be dra"‘@eti and R Leo: they perfectly agree with the others.

_ The agreement of the temperatures derived from the differ-
5. Effective temperatures ent sources and methods (except for R Cas) makes us confident

In order to enforce additional constraints onto the theory, ofjithe values listed in Table 2which are, for each star, the average

servational estimates of the effective temperatures of 13 nea%?" estimates near mean light mentioned in Table 1.
stars, most of them having a usable parallax too, are listed in Fig. 3 shows, for the same metallicity and masses as in the
Table 1. preceding section, the theoretidag 7T.q—Ilog P relations per-

In most cases, these temperatures were derived from an@iRing to each pulsation mode, compared to the observed val-
lar diameters measured in the near—infrared K or H' band ("Kfes. It must be remembered that a metallicity decrease by a
or "H' ” source code in Table 1). The reason for this choicdactor 20 would makéog T increase by about 0.036. The in-
rather than shorter wavelengths, is that, according to phoftividual temperatures listed in Table 2 are shown, too, using the
spheric models, the intensity profiles in these bands are clos§&ne symbols as in Fig. 1.
uniform disk and the correction to apply in order to obtain the Six or seven stars have definitely too low a temperature for
effective radius«(m.0ss = 1)) is small : thus the so—derived val-fundamental mode pulsation. Surprisingly, they inclyd€yg
ues of the effective temperature are the least model-dependantl R Cas, which were found definitely too faint for first over-
For S Vir, the adopted temperature is the average of the valtese in Fig. 2.

3.45

3.40

log Teff

3.35
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Six stars have temperatures compatible with fundamensgtrs, which emit a much larger proportion of their luminosity in
pulsation and incompatible or hardly compatible with first ovethe far—infrared : as their bolometric magnitudes were derived
tone at this metallicity. For three out of them (including R Aqr)y fitting a blackbody to near—infrared fluxes, they were signif-
fundamental mode had also been derived from the mid—poicantly overestimated ; this, combined with the longer period
magnitude. The temperatures of T Cas and R Hya strongly sofCarbon Miras, must significantly affect the slope. el
gest fundamental mode pulsation (withh ~ 4.5 and 2.1M, relation that we have adopted in this paper was derived by Feast
respectively), but this is incompatible with the magnitude. Thet al. (1989) for Oxygen stars alone, and is nearly indistinguish-
other possibility is first overtone pulsation with a relatively highble from the one of Hughes & Wood (1990), which includes a
mass :M > 3M, for R Hya andM > 5Mg, for T Cas. In the significant proportion of Carbon stars.
case of X Oph, the temperature is incompatible with the first The observational datd.( T.g) concerning the 22 nearby
overtone derived from the magnitude ; fundamental mode piliras and the mass estimates derived from each of them with
sation is permitted by the mid—point value of the magnitude atfte help of the pulsation models are listed in Table 2. Metallicity
corresponds to a mass4—5 M. Z = 0.02 was assumed. The error bars adopted for the masses

To these informations, we may add the anomalous earBpresent the mass range involved by the observational error
spectral type of R Cen (period 546 d): it is the one expected tmarsand by the models for the considered mode (in particular,
a star with about half its period, probably indicating a tempethe minimum and maximum allowed masses are assumed to be
ature significantly higher than the average value extrapola@® and 5M, respectively).
along the Mira strip for its long period (Keenan et al. 1974, In addition to our remarks concerning the LMC and its clus-
Bartheés et al. 1992). Owing to its high luminosity, this star prolters, five facts support the reliability of our modelling :
ably is a high—mass{ 3My, ~ 5Ms), or low—metallicity, first — First, for eleven out of the thirteen nearby Miras for which
overtone pulsator. Actually, in our model grid, the effective tenioth the absolute bolometric magnitudes and the effective tem-
perature at 1M/, and period 270 days is the same as the onegaratures are available, consistent pulsation modes and theoret-
5 M and 546 days for solar metallicity. ical masses are derived from either of them (masses often agree
within 0.4M).

— Second, the mixing length was not chosen arbitrarily, but
was derived from the three probable radial modes identified in
Concerning the three LMC clusters, it is worth noting that thHée lightcurves ob Cet and R Leo. Moreover, the theoretical
maximum period reached by the second LPV (probably SRiminosities and effective temperatures derived on that occasion
strip — about 130 days — coincides with the second overtoaee in excellent agreement with the observed values (Ba&h
period at which, for a star of about 1.5-1)7, (the maxi- Mattei 1997a, b).
mum mass of the strip, according to our model grid), the lin- — Third, the model grid perfectly predicts the anomalous
ear growth—rate of this mode starts being exceeded by the fagectral type of R Cen, which would result from its high mass
overtone. Moreover, whatever the mass, the linear growth—rafes5 M ).
switch at a period which nearly coincides with a 3:2 resonance — Fourth, at about this mas$. ), the linear model grid
between the first and second overtones, which is likely to favauredicts the existence of three resonances liable to generate the
the mode switch. To this, we must add the fact that the modelsculiar shape of the lightcurve of R Cen (double maximum) :
fit the Mira strip of the LMC and clusters for first overtone pulf, /P, ~ 5, P, /P, ~ 5/3 and P,/ P3 ~ 2.
sation with masses perfectly consistent with the evolutionary — Fifth, if one varies the mixing length so that a larger
results. Consistently, the linear growth rate of the first overtonember of stars match one of the two possible modes in the
is the largest. These consistent evidences support the hypothesifod—luminosity plane, then a lesser number match this mode
thatitis possible to use linear models in the way we have chosenhe period—temperature plane, since both the luminosity and
(especially the mixing—length calibration) and that most LM&e temperature increase. This confirms that our mixing—length
Miras are pulsating on the first overtone, while the SR of ogalibration is a much better compromise than the standard (solar
sample would be on the second overtone. and RGB) value within the frame of the linear approximation.

This conclusion differs from the one of Wood & Sebo Two stars,y Cyg (S—type) and R Cas (M-type), have been
(1996), who stated that Miras pulsate on the fundamental mddend definitely pulsating on the fundamental mode according
and semi-regulars on the first or second overtone. This has tatheir magnitudes, and definitely on the first overtone accord-
explanations: ing to their temperatures. Despite many efforts, no change of

—first, these authors have adopted the same mixing—lengttemical compositionX, Z) was found able to reconcile the
parameter as for non—-LPV stars, which leads to more compabservation and the theory within the error bars (not even within
envelopes, thus shorter fundamental and first—overtone perio2s), even if the mixing length was changed.
we have shown that, owing to the uncertainties pertaining to the Van Leeuwen et al. (1997) had found R Cas an€yg
modelling scheme, this is a fully arbitrary choice ; simply pulsating on the fundamental mode. The disagreement

— second, the LMC period—luminosity relation that theynay have two complementary explanations. First, these authors
have adopted is, among the three published by Feast etal. (198@de, for the first overtone, a rough analysis using effective
the one mixing Oxygen stars with a large proportion of Carbaoadii together with the so—called "pulsation constant”, taken

6. Discussion
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Table 2. Periods, mean absolute bolometric magnitudes, mean effective temperatures, probable predominant modes and theoretical masses
derived from the magnitudes and from the temperatures-(0.02 assumed)

Star P [d] Mbol Mbol(—&—a) Mbol(—a) Tt [K] Mode M (Mbol) M (Teff) Remarks

R Aql 284  -4.29 -3.65 -5.06  2539+113 10 0.8%57 2.8710  He-flashing
RAgqr 387 -4.21 -3.02 -6.47  2568+136  F 1.57% 1.2%52  Symbiotic
R Car 309 -3.79 -3.42 -4.18 Foo1afgs
S Car 149  -3.39 -2.74 -4.18 Foo12t)9
10 <1.6
RCas 430 -3.74 -3.35 -4.16  2300+150  F 0.9%55
10 1.8
TCas 445 -6.81 -6.54 -7.07  2795+128 10 >5 >5
RCen 546 -6.65 -5.57 -8.48 10 4.51)2 Double max.
TCep 388 511 -4.64 -5.63 23594302 10 L7559 2+34
o Cet 332 -4.84 -4.41 531 2396+145 10 L5500 19705
RCnc 361 -5.70 -4.58 -6.52 10 35158
xCyg 408 -3.74 -3.29 -4.23 2242+ 140 F 0.970§ S—type
10 1.2%51
RHor 408 -5.22 -4.45 -6.25 10 1.875%
RHya 389 -5.79 -5.08 -6.38  2661+213 10 35705 >3 He—flashing
R Leo 310 -4.59 -4.35 -4.85 2379+124 10 1.3%0% 1.6719
RLep 427 -3.54 -2.98 -4.21 F 08707 C-type
U Ori 368 -5.35 -4.43 -6.06 10 25129
XOph 329 -558 -4.13 654 2949+160 F 5 2.0 4 35
S Peg 319  -4.02 -3.09 -4.75  2107+295 10 <14 <1.8
RRSco 281 -4.85 -3.88 -6.33 10 18733
R Ser 356  -4.40 -3.49 -5.74 2804+144 F 1.877% 32108
R Tri 267  -4.08 -3.37 -4.67 F 16753
10 <16
S Vir 375  -4.63 -3.64 -5.39 2804 + 112 F 22723 31712

equal to 0.04, whereas, in fact, it significantly increases with On the other hand, we have investigated the possibility that
the period : using the same model grid as for the fundamerita¢ discrepant behaviour of these two stars be due to deviation
mode, it appears that, d@; ~ 420 d, @; ~ 0.055, which from the standard AGB core mass—luminosity relation because
makes the radius smaller by 24 %. As a consequence, the coroé¢he thermal pulse phenomenon (Wood & Zarro 1981, Lat-
first overtone radius folM < 1M, falls within the error bars tanzio 1986, Boothroyd & Sackmann 1988a). That is, we have
of x Cyg, generating a mode ambiguity which Van Leeuweromputed linear pulsation models having the same luminosities
et al. could not see. Second, as radius mixes luminosity aemd periods as R Cas agdCyg, but core masses up to OV,
temperature, it may little vary when both are decreasing ; itlisgher or lower than the value given by Patgki's relation (this
thus less discriminant than temperature. corresponds to huge deviations from the standard luminosity at
a given core mass). This led to very small shifts of mass (a few
At first sight, the "exotic” long—term nonlinear behaviougs) and temperature (1 %). Thermal pulses are thus unable to
observed by Yaari & Tuchman (1996) in their hydrodynamiexplain the discrepancy between luminosity and temperature in
models — switch onto to the fundamental mode, then drasti® two stars. But this is rather good news for our whole work
decrease of its period, together with its temperature — migfit particular, our conclusions concerning R Agl and R Hya are
be the explanation of the anomaly. However, the models prediett influenced by their recent helium flash) and for others, since
that the new pulsation period lieetweerthe linear fundamen- the AGB M .—L relation is far from being well fixed (Boothroyd
tal and first overtone (it must be 10 to 35 % shorter than t8eSackmann 1988b, Vassiliadis & Wood 1993).
fundamental), which is not the casep€yg and R Cas. More-
over, the observed periods are approximately 4 times longer thanThe most likely explanation of the peculiarity of R Cas and
the linear first overtone at this luminosity: this is hardly reachedCyg is the presence of a dense dust shell close to the star (at
by extrapolating the results of Yaari & Tuchman, and only about 10R.), making the color temperature lower and increas-
high luminosities, while the two stars are among the faintestg the angular diameter at relatively short wavelengths (scatter-
of our sample. Lastly, it remains to explain why the other stairgg). This is supported by the very significant silicate emission
(especially the more luminous ones) do not exhibit a similaxcess of R Cas at/8n (Vardya et al. 1986, Little—Marenin &
behaviour. Little 1990). Since dust opacity evolves as'", angular di-
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ameters measured in K or H’ should be the only reliable (henared of LPVs in three LMC clusters. We find that the two se-
a temperature about 14 % higher, according to the angular glitences of LMC clusters stars, in thé,,;—log P plane, cor-
ameters of R Cas near maximum light). Then, R Casx@@glg respond to two different predominant pulsation modes. The
would be fundamental pulsators with masses$.1M. It has lower—luminosity/longer—period sequence, coinciding with the
been suspected for long time that thermal pulses generate Mira strip of the LMC, is the one of the first overtone. This is
portant mass—loss variations, leading to important spatial atwhsistent with the linear growth rates. The probable masses
temporal variations of the dust density around the star (Willemange from 0.6 to 1.5 for stars with periods lying between 100
& de Jong 1988, Oloffson et al. 1990, Zijlstra et al. 1992) : thiend 400 days, which is consistent with the values commonly
might be the origin of the peculiarity of these two stars. admitted on evolutionary grounds. Assuming a constant mixing
Concerning the carbon star R Lep, whose magnitude int#ngth parameter does not basically change this conclusion.
cates fundamental mode pulsation, and remembering that only The other, larger—luminosity/shorter—period (and lower—
the higher—mass AGB stars can become carbon-rich, the thamplitude) sequence, corresponding to some Semi—Regulars,
retical mass((.8 + 0.7M) seems unlikely — though not im- is composed of stars pulsating on the second overtone. The ob-
possible, owing tdo or 20 error bars. This star may simply be eserved switch from the second to the first overtone is correctly
fundamental pulsator with an overestimated bolometric magpiedicted by the model grid. For every assumed mass, it occurs
tude, because of strong obscuration by carbon dustin the visiatehe period where the linear growth rate of the first overtone

and near—infrared bands. starts exceeding the second ; this coincides with a 3:2 resonance
T Cas was found having a high mass (5My). It is between the two modes.
thus probably undergoing hot bottom burning @Bker & Thanks to the new parallaxes and proper motions made

Schbnberner 1991, Boothroyd & Sackmann 1992, Vassiliadivailable by HIPPARCOS, and to recent, relatively accurate de-
& Wood 1993). This may be the case of R Cen and X Oph, torminations of the mean effective temperatures, we have been
The symbiotic star R Agr probably is pulsating on the furable to check the validity of the abovementioned conclusions on
damental mode: a moderate metallicity decrease could allow Maas of the solar neighbourhood. Pulsation on the first overtone
star to only marginally fit the first overtone at aboud, but is found the most probable for 60 % of the sample Miras (and
the star would nevertheless remain both at the higher luminosayout 70 % of the most "standard” ones) ; consistent masses
and lower temperature error bars. are derived. The other 40 % (30 %)seem to be fundamental pul-
The other 13 stars may be considered as "ordinary Mirasators. It is worth noting that our modelling straightforwardly
Eight out of them are found most probably pulsating on thexplains both the unusual spectral type and variability of R Cen
first overtone. Three are most probably fundamental pulsatdiigh mass and multiple resonances).
Two may pulsate on either of these two modes with similar The high masses derived in the case of T Cas, R Cen and X
probabilities. Oph make them likely candidates for hot bottom burning.
Discrepancy between the predominant modes derived from
the magnitude and from the temperature led us to set apart two
very peculiar stag: R Cas ang Cyg. Their color temperatures
Thorough discussion of the previous attempts at modelling taed angular diameters at wavelengths shorter tham seem
pulsation of Long Period Variable stars led us to the followintp be strongly affected by dust shells. They might be at a special
conclusion : if, owing to the uncertainties pertaining to hydrgshase of the thermal pulse cycle when, because of mass—loss
dynamical models, the possibility of drastic structural changesriations, the dust density close to the star is peculiarly high.
generated by thermal nonlinear effects (Yaari & Tuchman 1996) The overall agreement between our models and the observa-
is left aside, then it is possible and thus necessary to minimizens (including the probable modes detected in the lightcurves
the significant errors on the mode periods and effective tempef-a few stars) gives support to our initial hypothesis that non-
atures involved by the classical linear schemes, by allowing tlreear effects do not yield any dramatic change of structure such
mixing length parameter to differ from the one adopted for noras found by Yaari & Tuchman (1996), whose calculations might
LPV stars and, possibly, to change as the pulsating star evolsaffer from their simplistic treatment of time—dependent con-
along the AGB. That is, the mixing length parameter becomesction/turbulence. It thus seems that linear modelling, if im-
an effective parameter embracing various phenomena in agdemented with care, can still provide fair approximations to the
tion to convection. On this ground, we have built a linear modpllsation (pseudo)periodicities for given fundamental parame-
grid assuming a mixing—length parameter lower than the valtggs. This is rather good news, considering the amount of works
required for the Sun or for RGB stars, and slightly decreasifigcluding evolutionary calculations) that requife-M—L re-
along the AGB (in the LPV domain) according to a fixed lawations.
based on the values that were derived from the several probableKnowing the period of the dominant mode and the bolomet-
radial modes identified in the lightcurves of three oxygen—riait magnitude and/or the effective temperature, one thus may
Miras (Barttes & Tuchman 1994, Bar#ls & Mattei 1997a, b). derive a theoretical mass for a given metallicity (which can be
The periods of the radial modes predicted by the modelughly estimated, e.g., from the kinematics). More precise re-
grid were confronted to the bolometric magnitudes and psults may be obtained if one or two other modes are known from
riods of the numerous Miras in the Large Magellanic Cloutthe Fourier and time—frequency analysis of the light curves, even

7. Conclusion
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if the luminosity or temperature is ignored (Bath& Tuchman Pijpers F.P., 1993, A&A 267, 471

1994 and Bartbs & Mattei 1997a, b, c). We must however stregobertson B.S.C., Feast M.W., 1981, MNRAS 196, 111

that precision does not not exclude some inaccuracy, i.e. p8ghaller G., Schaerer D., Meynet G., Maeder A., 1992, A&AS 96, 269
sible systematic shifts resulting from the fact that open outégbo K.-M., Wood P.R., 1995, ApJ 449, 164

boundary, phase—lagged convection, nonlinear effects, etc. Spiegel E-A., 1963, ApJ 138, 216

not really equivalent to changing the mixing—length paramet chman Y., 1991, ApJ 383, 779

We also stress that, as far as we know, our mixing—length lIj-Chman Y. SackN., Barkat Z,, 1978, ApJ 219, 183
’ ' 9-1engin Calchman v., Sack N., Barkat Z., 1979, ApJ 234, 217

ibration is_not suitable for ce}lculati.ng .evolutione.lry. tracks, alan Belle G.T., Dyck H.M., Benson J.A., Lacasse M.G., 1997, AJ, in

least outside the LPV domain, which is only a limited part of press

the Asymptotic Giants Branch. Van Leeuwen F., Feast M.W., Whitelock P.A., Yudin B., 1997, MN-
RAS, in press

Vardya M.S., de Jong T., Willems F.J., 1986, ApJ 304, L29

Vassiliadis E., Wood P.R., 1993, ApJ 413, 641

Alexander D.R., Ferguson J.W., 1992, private communication Willems F.J., de Jong T., 1988, A&A 203, 51
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