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Abstract. Thorough discussion of the previous theoretical
works on the pulsation of Long Period Variables leads us to
the conclusion that the mode periods predicted by linear mod-
els must significantly differ from the reality, and that, if one
nevertheless relies upon such a modelling, it is at least nec-
essary to change the mixing length. The hypothesis that the
so–derived mode periods be reasonably reliable is supported by
confrontation between a model grid based on these grounds and
the luminosities of LPVs in the Large Magellanic Cloud and
in LMC clusters, as well as the luminosities and effective tem-
peratures of Miras in the solar neighbourhood. A wide majority
of the Miras appear probably pulsating on the first overtone,
and the sample Semi–Regulars on the second. However, a sig-
nificant proportion of Miras seem to be fundamental pulsators.
Individual masses are derived. A few stars are probably under-
going hot bottom burning, while two seem to have a peculiar
dust envelope.
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1. Introduction

The problem of the identity of the predominant pulsation mode
of LPV stars, especially the Miras, has been debated for decades
and is still unresolved. One way to conclude is to analyze the
light curves of many stars on the long term and to identify sev-
eral probable modes, whose periods are then compared to a grid
of theoretical models. This became possible only recently and
was performed for a few stars by Barthès & Tuchman (1994) and
Barth̀es & Mattei (1997a, b, c), using linear pulsation models.
Pulsation on the first overtone, with a few other excited modes,
appeared the most likely. On the other hand, various attempts
at determining the predominant pulsation mode have been done
by comparing the main pulsation period and observationally es-
timated luminosities or radii of many stars to the predictions of
linear pulsation models (Willson 1980, Robertson & Feast 1981,
Wood & Zarro 1982, Ostlie & Cox 1986, Wood & Sebo 1996,
Van Leeuwen et al. 1997, Van Belle et al. 1997). Results were
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contradictory, as well as those derived from photospheric ve-
locities (Hill & Willson 1979, Willson 1982) and accelerations
(Tuchman 1991).

Apart from important observational uncertainties on the lu-
minosities and radii or effective temperatures, even for nearby
Miras, numerous sources of inaccuracy pertaining to the theory
burden on all published results: for example, nonlinear effects,
coupling with the stellar wind at the outer boundary, turbulent
pressure and coupling between convection and pulsation are li-
able to significantly affect the periods and growth rates of the
modes at given mass, luminosity, temperature and metallicity.
Up to now, it has been impossible to build fully reliable dynam-
ical models, so that we are still compelled to use linear models,
assuming perfect reflection at the outer boundary. As a conse-
quence, the debate is still far from being closed.

The primary purpose of this paper is to examine to which
extent and under which conditions one may still rely (as usually
done) upon linear models so as to fit the observed distributions of
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
moderate enough to permit the use of grids of linear models.
If this is actually the case, it appears indispensable to allow
the mixing–length parameter to depart from the value usually
adopted for other types of stars, and possibly to vary along the
AGB: in this empirical way, it is accounted (at least partially) for
the period and temperature shifts resulting from the simplified
input physics of the models. We present, in Sect. 3, the basics
of such a model grid, with a mixing length chosen in agreement
with the results of lightcurves analysis. In Sects. 4 & 5, thegrid
is confronted with the period–luminosity distribution of Miras
and Semi-Regulars found in the Large Magellanic Cloud and in
LMC clusters, as well as to the individual luminosities and effec-
tive temperatures of 22 Miras in the solar neighbourhood. The
results are discussed in Sect. 6. The grid fits both the LMC and
galactic data with masses consistent with evolutionary calcula-
tions, the first overtone being the most probable predominant
mode for a wide majority of Miras. However, a significant part
seem to be fundamental pulsators. Semi–Regulars in the sample
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probably pulsate on the second overtone. Masses are derived for
the nearby Miras.

Indication for hot bottom burning (high mass) is found for at
least three stars. Discrepancy between luminosity and temper-
ature suggests that two stars have peculiarly close, dense dust
shells, possibly related to the thermal pulse cycle.

The overall agreement between the models and the obser-
vations suggests that nonlinear effects might be not as dramatic
as suggested by some recent hydrodynamical calculations.

2. The theoretical issue

2.1. Outer boundary

Though usually adopted, perfect reflexion on an isothermal at-
mosphere does not constitute an appropriate assumption for ex-
tended envelopes undergoing a strong stellar wind. Part of the
pulsation energy is transmitted throu- gh the outer layers by
shock waves, leading to a damping of the pulsation. According
to Pijpers (1993), coupling of the pulsation with the strong stel-
lar wind results in the apparition of new modes, including many
with periods longer than or intermediate between the classical
linear modes. Most of the modes are strongly damped. The effect
of the stellar wind onto the modes corresponding to the classical
solutions is a significant damping. Their linear periods and pe-
riod ratios, in these calculations, are larger than in classical mod-
els, mainly because the (partial) reflection of the waves occurs at
the sonic point (which depends on the frequency) rather than the
effective radius or any other fixed boundary. The effects strongly
depend on the mass–loss rate: as the latter increases (thus as the
star evolves along the AGB and as the pulsation amplitude in-
creases), the sonic point moves inward, which must reduce the
linear periods and period ratios, whereas the damping increases.
On the other hand, the pulsation–induced extension of of the en-
velope probably leads to lower effective temperatures, and this
effect should increase along the AGB.

2.2. Convection/turbulence

Convection is another major source of uncertainty. It is usually
treaten by means of the mixing length theory. In the presence
of the pulsation, three cases may be distinguished, according
to the ratio of the pulsation periodP to the mean eddy life-
time τ = Λ/v̄ ∼ tff (tff/tK)−1/3 (whereΛ andv̄ are respec-
tively the mixing length and the mean convective velocity, and
tff ∼ G−1/2M−1/2R3/2 and tK ∼ GM2L−1R−1 are the
free–fall and Kelvin times respectively) [Cox & Giuli 1968]: if
P � τ , convection may be considered frozen–in, as was as-
sumed by Ostlie & Cox (1986). If, on the contrary,P � τ ,
convection instantly adjusts itself to the variation of the local
conditions induced by the pulsation, as assumed by Tuchman et
al. (1978, 1979), Perl & Tuchman (1990), Barthès & Tuchman
(1994) and Barth̀es & Mattei (1997a, b, c). In fact, the mean
eddy lifetime is of the order of the pulsation period (typically
≈ 0.3 times the period of the linear fundamental mode [Ostlie &
Cox (1986)]), which means that the convective velocity or flux

is not only coupled to the pulsation, but also significantly phase–
lagged, and its variation amplitude is lower than in the case of
instantaneous adaption to pulsation (Cox & Giuli 1968). Non-
local effects, due to the irruption of material from nearby eddies
into the considered zone, have similar smoothing consequences
and should be taken into account for nonlinear calculations (see
below).

Up to now, only a few attempts have been made at deal-
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 &
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
(covering most of the convection zone), convection allows the
outward transfer of thermal energy which would otherwise be
dammed up by the increasing opacity during the compression
phase. In other terms, theκ-mechanism gets somewhat coun-
teracted. Thus, reduced variations of the convective flux over
the pulsation cycle, with respect to the instantaneously adapt-
ing case, result in a more nonadiabatic pulsation inside the ion-
ization regions (representing most of the convection zone). In-
creased nonadiabaticity leads to a shorter linear fundamental
mode period and smaller period ratios of the fundamental, first
and second overtone periods, while the linear growth–rates in-
crease (hence a larger pulsation amplitude). The fundamental
mode is the most sensitive.

As the luminosity (as well as the pulsation period) in-
creases along the AGB, while the mass and temperature de-
crease, the phase–lag may be expected to decrease, sinceP/τ ∝
QM−1L1/2T−6 significantly increases (Q being the ”pulsa-
tion constant” corresponding to the predominant mode). Hence,
there is a reduced shift of the linear periods and period ratios.

According to Ostlie & Cox (1986) and Balmforth et al.
(1990), taking the turbulent pressure into account makes it nec-
essary to adjust the mixing length parameterλ (ratio of mixing
length to the pressure scale–height) so as to keep the star on
the AGB core mass—luminosity relation without changing the
fundamental parameters. In models omitting time–dependent
convection, Ostlie & Cox (1986) found an increase of the linear
fundamental period and period rates generated by turbulent pres-
sure, whatever the sign of theλ change. However, according to
calculations including time–dependent convection (Balmforth
et al. 1990, Cox & Ostlie 1993), turbulent pressure makes the
fundamental period and the period ratios significantly decrease
; it has a destabilizing influence, and the growth–rate of the first
overtone strongly increases with respect to the fundamental.

Turbulent viscosity, though moderate, tends to damp the
pulsation (and to make the star slightly expand), which may be
taken into consideration, together with turbulence energy.

2.3. Nonlinear effects

Lastly, nonlinear effects must be taken into account. They are of
two types: mechanical and thermal. The nonlinear convective
effects include some important phenomena that linear models
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can by no means approximate, such as the periodic onset/offset
of convection at the outer edge of the convective zone. Nonlin-
ear effects are expected to reach their full efficiency after about
a thermal (Kelvin) timescale, which may mean from a few years
up to a few centuries. The time–averaged convective flux differs
from the static value, which necessarily results in some change
of structure and mode periods. Growth– or switching–rates must
significantly change, too. Due to computing time requirements,
the long–term nonlinear behaviour of Miras had not been re-
ally explored until recently. Shorter–term behaviour (over a few
ten years) has been more extensively studied. These nonlinear
effects may be summarized as follows:

According to Wood (1974), Tuchman et al. (1979), Perl
& Tuchman (1990), and Tuchman (1991), over a few ten
years, nonlinear pulsation usually makes the star globally shrink

(R
dyn
m < Rstat

m , T
dyn
eff > T stat

eff ) by about 10 % (though the star
may expand in some cases). The period of the fundamental mode
and the period ratios slightly decrease (or increase, if the star
expands), then stabilize. Among the fundamental and first over-
tone modes, the predominant one is the latter if its growth–rate
per daysignificantly exceeds the one of the fundamental (which
may not be the case of the growth–rateper period). When the
fundamental mode dominates, the pulsation is usually found
unstable.

According to long–term hydrodynamical calculations of
models having Kelvin timescales of 18 through 87 years and
tK/P0 = 9 through 219 (Yaari & Tuchman 1996), after a first
stage of pure overtone pulsation (lasting about4tK), the funda-
mental mode starts growing, which leads to a mode switching.
Then, the period of the star decreases,as well asthe mean ef-
fective temperature (the star expands by a few %). For models
with tK <∼ 34 yrs andtK/P0 <∼ 35, the period change is very
strong (up to 35 % less with respect to the linear fundamental
mode), while the temperature decreases by 10 %. The pulsation
gets finally stabilized on a new period lying between the origi-
nal fundamental and first overtone modes. The total process has
taken about 10 times the Kelvin timescale. The joint decrease
of period and temperature corresponds to a change of the in-
ner structure of the star (entropy redistribution), due to thermal
nonlinear effects. As noticed by Barthès & Mattei (1997a), this
unusual phenomenon might be related to the existence of mul-
tiple resonances between the linear modes, and the final period
is very close to a combination of the resonant linear modes, i.e.
the pulsation may still have significant projections onto them.

By the way, a similar, drastic period decrease had already
been found by Keeley (1970b,c) in a model using very simi-
lar input parameters as the main model presented by Yaari &
Tuchman. However the total time required for reaching the new
state was only about a Kelvin timescale and the new mean ra-
dius and temperature were respectively smaller and higher than
their static values, as in the shorter–term calculations. In con-
trast, Wood (1974) did not observe any such phenomenon over
a similar time–span in a model using very similar parameters:
the nonlinear periods of the fundamental and first overtone re-

mained close to the linear ones, and the pulsation was a mixture
of both modes, the latter being predominant.

The main difference between these models lies in the time–
dependent and non–local treatment of convection. Yaari &
Tuchman assumed instantaneously adapting convection and
represented the spatial coupling of convective zoneslying within
a mixing length of(or at least next to) each other by means of a
weighted average of thesuperadiabatic gradients, following the
recipe of Spiegel (1963), which uses a smooth weighting func-
tion, nonlinear with respect to the radial variable. On the other
hand, Wood (1974) modeled the coupling of zonesnext to each
otherby using a weighted average of the convectivevelocities—
with a fully linear weighting function — and time–dependence
was modeled by means of a linear phase–lag formula applied to
the velocities, too. Lastly, the modeling code of Keeley (1970a,
b, c) used similar phase–lag and spatial averaging formulae ap-
plied to the convectiveflux.

On the other hand, Wood (1995), using the same code as
in 1974, performed hydrodynamical calculations of a model
(tK ≈ 26 years,tK/P0 ≈ 45) pulsating on the fundamental
mode, whose convergence was forced by using a huge artificial
viscosity during the first 70 years. He obtained a significant
expansionof the star, which is consistent with Yaari & Tuchman
(1996), but the periodincreased. The mode period and the radius
remained close to the values given by the static model. This
result, and the similar ones obtained from first overtone models,
are consistent both with the previous works which Tuchman
was involved in and with Cox & Ostlie (1993), who used a
similar scheme as Wood, whithout the huge artificial viscosity
but using a smoother (quadratic) time–dependence formula and
also including turbulent pressure and viscosity.

Obviously, differences in the treatment of convection/ tur-
bulence have important, contradictory effects onto the structure
and pulsation of the star through the highly nonlinear behaviour
of convection. As noticed by Wood (1974), Keeley’s choice
leads to convergence difficulties, perhaps due to the strong de-
coupling from the local and instantaneous variables. The nonlo-
cal scheme chosen by Yaari & Tuchman might be the most real-
istic and liable to yield stable nonlinear pulsation. On the other
hand, their simplistic treatment of time–dependence (despite
the advantage of working on superadiabatic gradients) proba-
bly amplifies nonlinear instabilities in the long term. One must
also remember that the sensitivity of the nonlinear pulsation
to the numerical scheme is probably enhanced by the multiple
resonances noticed by Barthès & Mattei (1997a).

Lastly, it is clear from Sect. 2.2 that models including turbu-
lent pressure together with time–dependent convection have a
much more excited linear first–overtone. This is likely to signif-
icantly change the nonlinear behaviour of the models: in those
calculated by Yaari & Tuchman, the initial switch to the funda-
mental mode could be more difficult ; similarly, Keeley’s model
might start pulsating on the first overtone, rather than the fun-
damental mode.

Concluding, it is by no means evident that the surprising
results of Yaari & Tuchman (1996) actually represent the be-
haviour of real stars. It is still a likely hypothesis that the actual
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pulsation remains close to a linear mode or a superposition of
linear modes (though with significant period shifts).

2.4. Summary

Compared to the most classical models, the openness of the outer
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 extension of
the envelope, effective temperature lower than the static value
may be expected. Period shifts due to the outer boundary tend
to decrease as the star evolves along the AGB.

On the other hand, phase–lagged time–dependent convec-
tion and turbulent pressure, taken altogether, tend to reduce the
fundamental period, the period ratios, and to increase the ef-
fective temperature. The linearly predominating mode (the first
overtone in most cases) gets more excited with respect to the
others. These effects decrease as the star evolves along the AGB.

Nonlinear effects, if we assume that they remain moderate,
lead to converse variations of the fundamental periods and pe-
riod ratios on the one hand, and effective temperatures on the
other hand. One might expect this shift (whatever its sign) to get
larger as the star evolves along the AGB toward larger ampli-
tudes ; the concomitant reduction oftK andtK/P may enhance
or reduce this effect, according to its sign.

Evaluating the overall result would require comprehensive
dynamical codes which are not yet available. However, one can
make this important remark : those joint, converse shifts of fun-
damental period and period ratios on the one hand and tempera-
tures on the other, are similar (at least qualitatively) to the effect
of changing the ratioλ of the mixing length to the pressure
scale–height at fixedM , L andZ.

On the other hand, it seems very likely that the overall dif-
ference between the results of classical and more sophisticated
models evolves along the AGB in the LPV domain. However,
the respective evolutions of the various period and temperature
shifts often contradict each other, so that the overall change
along the AGB might be relatively small. Anyway, this cannot
be decided at the very outset.

These considerations lead us to the conclusion that, if one
leaves aside the possiblity of drastic changes involved by long–
term thermal effects pointed out by Yaari & Tuchman (1996),
and thus attempts at determining the predominant pulsation
mode of Miras by comparing observational estimates of the fun-
damental parameters of some sample of stars to linear models,
one may assume at the very outsetneithera fixed mixing length
parameter,nor the same value as for non–AGB or non–LPV
stars, as Wood & Sebo (1996) and others did. Onemustadopt
some ”effective” value (which, of course, no more represents
the convection efficiency alone), so as to empirically minimize
the errors resulting from the simplified input physics.

This is confirmed by the smallλ derived from the confronta-
tion between a linear model grid and the results of a Fourier and
wavelet analysis of the lightcurves of four Miras (Barthès &
Tuchman 1994, Barth̀es & Mattei 1997a, b, c).

In the next sections, we reexamine the issue by fitting
to observational data some theoretical period—luminosity (or
temperature)—mass—metallicity relations based on a fixedλ
law. The degree of compatibility of this model grid with the
observation is expected to tell us whether long–term nonlinear
effects actually remain moderate.

3. Modelling

As in Barth̀es & Tuchman (1994) and Barthès & Mattei (1997a),
our grid of linear pulsation models is based on the code of Tuch-
man et al. (1978). We use the OPAL opacity tables, comple-
mented by molecular opacities of Alexander & Ferguson (1992,
1994). Convection is treated according to the mixing length for-
malism of Cox & Giuli (1968), i.e. without turbulent pressure,
viscosity nor energy. Convective velocity is assumed to adjust
instantaneously. The outer boundary, where perfect reflection
is assumed, is set at optical depthτ = 0.01. The core–mass—
luminosity relation of Paczýnski (1970) is enforced so as to
make the star belong to the AGB. Using this code, we have made
model grids for two metallicities (Z = 0.02 andZ = 0.001 ;
X = 0.7), three values of the mixing length parameter (λ = 1,
1.5 and 2), masses ranging from 0.6 to 5M� and luminosities
from 1000 to 50000M�.

In the preceding section, we have shown that the real be-
haviour of the pulsating star differs from this classical scheme
by an amount that may vary along the AGB in a way that cannot
be guessed at the very outset, but might be, at least partially, ac-
counted for by varying the mixing length parameter. Low values
of λ (<∼ 1.3) were found necessary in studies using this code
(Barth̀es & Tuchman 1994, Barthès & Mattei 1997a, b) for ex-
plaining the power spectra and scalograms ofo Cet (period 332
days), R Leo (315 d) and S CMi (334 d), while fitting their ob-
served luminosities and temperatures. In calculations by Wood
& Sebo (1996), a high value (λ = 2.5) was required for fitting
the base of the AGB, which lies below the short–period bound-
ary of the LPV domain, and where the effective temperature is
much better defined than on the rest of the branch. With our
code and opacities, the same calibration is obtained with the
valueλ = 1.63 which was found appropriate for the Sun and
for RGB stars (Bressan et al. 1993, Claret & Giménez 1992,
Schaller et al. 1992). It thus seems reasonable to assume for
our model grid, despite all other uncertainties, that the adopted
mixing length for an LPV star must be lower than 1.6 and de-
creases along the AGB. That is,λ must decrease as the period
of any given mode increases (preferably the fundamental or first
overtone, since the higher modes are more sensitive to the outer
boundary conditions). Considering the numerous, recent obser-
vational evidences for a predominating first overtone (Barthès
& Tuchman 1994, Haniff et al. 1995, Feast 1996, Barthès et
al. 1997a, b, c, Van Leeuwen et al. 1997), we assumed a linear
log λ—log P1 relation, withλ = 1.2 at 330 days andλ = 1.3
at 80 days (the beginning of the Mira strip). As will be shown in
the next section, this provides an excellent fit to the Mira strip in
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 temperatures at phaseϕ of nearby Miras (see
text for the meaning of the temperature source–codes).

Star P [d] mbol(±0.15) $ ± σ$ [mas] Teff [K] ϕ mbol(ϕ) Source

R Aql 284 2.34 4.73 ± 1.19 2539 ± 113 0.31 2.25 K
R Aqr 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 1.1 RI
2954 ± 174 0.81 1.88 K

T Cas 445 0.59 ± 1.07 2795 ± 128 0.30 1.97 K
d = 570 ± 31 pc

R Cen 546 2.38 1.56 ± 0.84
T Cep 388 1.50 4.76 ± 0.75 2359 ± 302 0.72 mbol 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
χ Cyg 408 1.39 9.43 ± 1.36 2242 ± 140 0.32 mbol RI
R Hor 408 2.22 3.25 ± 1.08
R Hya 389 0.66 1.62 ± 2.43 2661 ± 213 0.28 mbol 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 mbol RI
R Lep 427 3.45 3.99 ± 0.85
U Ori 368 2.54 1.52 ± 1.65

d = 378 ± 112 pc
X Oph 329 d = 322 ± 145 pc 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 ± 134 pc 2787 ± 150 max, min BB

2821 ± 050 max, min 3.47 H’

A good fit would anyway be obtained by simply assuming a
constant valueλ = 1.2.

Under these assumptions, interpolation in the original model
grid yields a new one in which the mixing length is no longer a
free parameter. For metallicities other thanZ = 0.02 and 0.001,
a linearlog P—log Z relation will be assumed at given(L, M).

4. Period–luminosity distribution

The period–dependence of the mixing length parameter results
in slightly smaller slopes for the period—luminosity relations
at given mass and metallicity. Fig. 1 shows the theoretical lines
obtained for the fundamental, first and second overtone modes.
The masses are 0.6, 0.8, 1 and 1.5M� for the first overtone and,
for sake of clarity, 0.8, 1 and 1.5M� for the other modes. The
assumed metallicity isZ = 0.008.

We show in the same figure theP—Mbol fit line corre-
sponding to the LPVs of the Large Magellanic Cloud with pe-
riods shorter than 420 days (the reason for this cut–off is that,
as the convection zone comes deeper, stars with longer periods
are likely to depart significantly from the standard core–mass—
luminosity relation, as shown by the sudden change of slope of
theP—L relation). This relation is:

Mbol = −3 log P + 2.81

(Feast et al. 1989), assuming an LMC distance modulus of
18.54. It is nearly indistinguishable, in the relevant period range,
from the one derived by Hughes & Wood (1990) from a much
larger sample, including carbon stars. The dashed lines on both
sides correspond to±0.2 mag., the standard residual deviation
about the fit line [the larger residualσ of Hughes & Wood (1990)
includes variability effects, since the magnitudes were taken at
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Fig. 1. Periods of the fundamental (long–dashed lines), first (solid),
second (dashed) and third (dotted) overtone modes of model AGB
stars of masses 0.6, 0.8, 1 and 1.5M� (for the 1st overtone) or 0.8, 1
and 1.5M� (other modes), for LMC metallicity. The thick, solid and
dashed lines represent the mean (Mbol—P ) relation (±σ) for Miras
in the LMC. Circles are LPVs near NGC 1850 and triangles are LPVs
near NGC 2058/65.

arbitrary phases]. Individual LPVs observed at arbitrary phases
in the LMC clusters NGC1850, NGC2058 and NGC2065 are
plotted, too (Sebo & Wood 1995, Wood & Sebo 1996).

As one can see, the first overtone lines fit well the LMC Mira
strip and a first set of 7 cluster stars, for masses ranging from
0.6 to about 1.5M�: fortunately, this is the most likely mass
range, according to evolutionary calculations (Butcher 1977,
Wood 1990, Bertelli et al. 1992). A second, larger–luminosity
(or shorter–period) set of 9 cluster stars lies within a second
strip, parallel to the classical Mira strip and as broad as it: it
probably corresponds to some semiregulars, as confirmed by
the small amplitude of these stars (Sebo & Wood 1996). This
strip stops around 130 days according to the individual data.
Between magnitudes -3.5 and -4.8, it fits the second overtone for
masses ranging from 0.9 to 1.7M�. Third overtone pulsation,
seems possible too (but then, one must account for the accoustic
cut–off period).

A single star, with very short period, lies above this second
LPV strip: probably a third–overtone pulsating star.

Theoretical relations assuming near–solar metallicity (Z =
0.02) are shown in Fig. 2. A metallicity decrease by a factor 20
would result in a luminosity increase by about 0.43 magnitude.

In the same figure are plotted the estimated mean absolute
bolometric magnitudes of 22 Miras whose distance is now bet-
ter known thanks to HIPPARCOS (ESA 1997). In the case of
R Leo, as in Van Leeuwen et al. (1997), the satellite–measured
parallax was averaged with the ground–based, more precise es-
timate published by Gatewood (1992). For a few stars having
either very imprecise or no usable parallaxes, we have adopted
a distance derived from their kinematics and parallaxes (if any)
by means of statistical calibration of the absolute magnitudes
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Fig. 2.Periods of the fundamental (long–dashed lines), first (solid), and
second (dashed) overtone modes of model AGB stars of masses 0.8, 1,
1.5 and 2M� for near–solar metallicity. Squares are the He–flashing
Miras R Aql and R Hya. The diamond is the symbiotic Mira R Aqr.
Triangles (up) are R Cas andχ Cyg. The triangle (down) is the Carbon
star R Lep. Other Miras are represented by circles.

in the K band or (for T Cas and R Tri) at 1.04µm, using the
LM method of Luri et al. (1996), as explained in Alvarez et al.
(1997).

Most apparent bolometric magnitudes were taken from Van
Leeuwen et al. (1997). For R Cnc and S Vir, we adopted the
values given by Feast (1996). In the case of T Cas, X Oph, S
Peg and R Ser, magnitudes around phase 0.25–0.30 or 0.75,
i.e. near mean light, were taken from Van Belle et al. (1997).
In all cases we have assumed a standard error of±0.15 mag.
In fact, the values given by Van Leeuwen et al. (1997), which
were derived from a blackbody fit to numerous recent (or re-
cently reevaluated) JHKL photometric data, may be systemati-
cally underestimated by about 0.1 mag because ofH2O opacity,
but also overestimated by 0.1 to 0.2 mag because they do not
account for dust emission in the far infrared (Haniff et al. 1995).
Van Belle et al. probably did not avoid the latter error by using
a bolometric correctionvs.spectral type relation applied to K
magnitudes. All these data are given in Table 1. The derived
mean absolute magnitudes may be found in Table 2.

Three stars are denoted by special symbols in Fig. 2: the
symbiotic star R Aqr (diamond), which fits the fundamental
mode but is also compatible the first overtone, isa priori not
representative of the Mira family. Neither are R Aql and R Hya
(squares) which, according to their slow period drift, are very
probably on the stage immediately following a helium shell
flash, making them depart toward higher luminosity from the
AGB core–mass—luminosity relation adopted in our modelling
code (Wood & Zarro 1981). If we nevertheless rely on the model
grid, R Aqr is found most probably on the fundamental mode,
but also compatible with the first overtone, whereas R Aql and
R Hya are definitely first overtone pulsators.
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Fig. 3.Effective temperatures of model AGB stars of masses 0.8, 1, 1.5
and 2M� and near–solar metallicity, pulsating on the fundamental,
first or second overtone modes. Individual stars are also shown. Same
symbols as in Fig. 2.

Among the 19 remaining stars, owing to the1σ error bars, 14
are compatible with fundamental mode pulsation with masses
lower than 2M�. T Cep and R Leo are most probably first
overtone pulsators with masses<∼ 2M�. The 3 remaining stars
( T Cas, R Cen and U Ori) are first overtone pulsators with large
masses (>∼ 2.5M�) and/or low metallicity.

On the other hand, if we rely on the mid–point values of the
magnitudes, 9 out of the 19 Miras are most probably pulsating
on the first overtone (M ≈ 0.6 through 1.9M� for five out
of them). One is ambiguous. The 9 remaining stars match the
fundamental mode with masses lower than2.2M�: five fit the
first overtone, too, within the error bars, but R Cas andχ Cyg
(triangles up), as well as the carbon star R Lep (triangle down)
and R Car are definitely too faint to be first overtone pulsators
with this metallicity.

At this stage, pulsation on the first overtone may seem a
little bit more likely than the fundamental mode for a majority
of the sample stars, but no definitive conclusion can be drawn.

5. Effective temperatures

In order to enforce additional constraints onto the theory, ob-
servational estimates of the effective temperatures of 13 nearby
stars, most of them having a usable parallax too, are listed in
Table 1.

In most cases, these temperatures were derived from angu-
lar diameters measured in the near–infrared K or H’ band (”K”
or ”H’ ” source code in Table 1). The reason for this choice,
rather than shorter wavelengths, is that, according to photo-
spheric models, the intensity profiles in these bands are close to
uniform disk and the correction to apply in order to obtain the
effective radius (r(τross = 1)) is small : thus the so–derived val-
ues of the effective temperature are the least model–dependent.
For S Vir, the adopted temperature is the average of the values

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 foro Ceti 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
derived from JHKL blackbody fits at maximum and minimum
light (Bessell et al 1989), and applied the following correction,
derived from photospheric models of Bessell et al. (1989) :
Teff ' TBB + 2.25(TBB − 2300). The error bars are about
±150K. As a check of the consistency of temperatures yielded
by various sources and methods, Table 1 also mentions the ef-
fective temperature of R Cas near maximum visual brightness,
derived from blackbody fit (accounting for the abovementioned
correction) and from angular diameters evaluated by Haniff et
al. (1995) at wavelengths 0.833 and 0.902µm (”RI” code), cor-
rected (as in that paper) according to Model E of Bessell et al.
(1995) : they perfectly agree. However, the temperature derived
by Van belle et al (1997) from K diameters at about the same
phase is significantly higher. This discrepancy will be discussed
later.

We have also added the mean corrected blackbody temper-
atures foro Ceti and S Vir : they perfectly agree with the values
derived from K and H’ diameters. All temperatures derived from
blackbody fits are denoted by the ”BB” code in Table 1.

For R Hya,χ Cyg, and T Cep, we used the angular diameters
evaluated by Haniff et al. (1995) at 0.833 and 0.902µm (”RI”
code in Table 1) near mean light, corrected according to Model E
of Bessell et al. (1995), and we combined them with the accurate
mean bolometric magnitudes of Van Leeuwen et al. (1997).
Temperatures from the same origin have also been added foro
Ceti and R Leo: they perfectly agree with the others.

The agreement of the temperatures derived from the differ-
ent sources and methods (except for R Cas) makes us confident
in the values listed in Table 2 which are, for each star, the average
of all estimates near mean light mentioned in Table 1.

Fig. 3 shows, for the same metallicity and masses as in the
preceding section, the theoreticallog Teff—log P relations per-
taining to each pulsation mode, compared to the observed val-
ues. It must be remembered that a metallicity decrease by a
factor 20 would makelog Teff increase by about 0.036. The in-
dividual temperatures listed in Table 2 are shown, too, using the
same symbols as in Fig. 1.

Six or seven stars have definitely too low a temperature for
fundamental mode pulsation. Surprisingly, they includeχ Cyg
and R Cas, which were found definitely too faint for first over-
tone in Fig. 2.
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Six stars have temperatures compatible with fundamental
pulsation and incompatible or hardly compatible with first over-
tone at this metallicity. For three out of them (including R Aqr),
fundamental mode had also been derived from the mid–point
magnitude. The temperatures of T Cas and R Hya strongly sug-
gest fundamental mode pulsation (withM ≈ 4.5 and 2.1M�
respectively), but this is incompatible with the magnitude. The
other possibility is first overtone pulsation with a relatively high
mass :M ≥ 3M� for R Hya andM ≥ 5M� for T Cas. In the
case of X Oph, the temperature is incompatible with the first
overtone derived from the magnitude ; fundamental mode pul-
sation is permitted by the mid–point value of the magnitude and
corresponds to a mass≈ 4–5M�.

To these informations, we may add the anomalous early
spectral type of R Cen (period 546 d): it is the one expected for
a star with about half its period, probably indicating a temper-
ature significantly higher than the average value extrapolated
along the Mira strip for its long period (Keenan et al. 1974,
Barth̀es et al. 1992). Owing to its high luminosity, this star prob-
ably is a high–mass (> 3M�, ≈ 5M�), or low–metallicity, first
overtone pulsator. Actually, in our model grid, the effective tem-
perature at 1M� and period 270 days is the same as the one at
5 M� and 546 days for solar metallicity.

6. Discussion

Concerning the three LMC clusters, it is worth noting that the
maximum period reached by the second LPV (probably SR)
strip — about 130 days — coincides with the second overtone
period at which, for a star of about 1.5–1.7M� (the maxi-
mum mass of the strip, according to our model grid), the lin-
ear growth–rate of this mode starts being exceeded by the first
overtone. Moreover, whatever the mass, the linear growth–rates
switch at a period which nearly coincides with a 3:2 resonance
between the first and second overtones, which is likely to favour
the mode switch. To this, we must add the fact that the models
fit the Mira strip of the LMC and clusters for first overtone pul-
sation with masses perfectly consistent with the evolutionary
results. Consistently, the linear growth rate of the first overtone
is the largest. These consistent evidences support the hypothesis
that it is possible to use linear models in the way we have chosen
(especially the mixing–length calibration) and that most LMC
Miras are pulsating on the first overtone, while the SR of our
sample would be on the second overtone.

This conclusion differs from the one of Wood & Sebo
(1996), who stated that Miras pulsate on the fundamental mode
and semi–regulars on the first or second overtone. This has two
explanations:

— first, these authors have adopted the same mixing–length
parameter as for non–LPV stars, which leads to more compact
envelopes, thus shorter fundamental and first–overtone periods :
we have shown that, owing to the uncertainties pertaining to the
modelling scheme, this is a fully arbitrary choice ;

— second, the LMC period–luminosity relation that they
have adopted is, among the three published by Feast et al. (1989),
the one mixing Oxygen stars with a large proportion of Carbon

stars, which emit a much larger proportion of their luminosity in
the far–infrared : as their bolometric magnitudes were derived
by fitting a blackbody to near–infrared fluxes, they were signif-
icantly overestimated ; this, combined with the longer period
of Carbon Miras, must significantly affect the slope. TheP–L
relation that we have adopted in this paper was derived by Feast
et al. (1989) for Oxygen stars alone, and is nearly indistinguish-
able from the one of Hughes & Wood (1990), which includes a
significant proportion of Carbon stars.

The observational data (L, Teff ) concerning the 22 nearby
Miras and the mass estimates derived from each of them with
the help of the pulsation models are listed in Table 2. Metallicity
Z = 0.02 was assumed. The error bars adopted for the masses
represent the mass range involved by the observational error
barsandby the models for the considered mode (in particular,
the minimum and maximum allowed masses are assumed to be
0.5 and 5M� respectively).

In addition to our remarks concerning the LMC and its clus-
ters, five facts support the reliability of our modelling :

— First, for eleven out of the thirteen nearby Miras for which
both the absolute bolometric magnitudes and the effective tem-
peratures are available, consistent pulsation modes and theoret-
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
the lightcurves ofo Cet and R Leo. Moreover, the theoretical
luminosities and effective temperatures derived on that occasion
are in excellent agreement with the observed values (Barthès &
Mattei 1997a, b).

— Third, the model grid perfectly predicts the anomalous
spectral type of R Cen, which would result from its high mass
(≈ 5M�).

— Fourth, at about this mass (4.5M�), the linear model grid
predicts the existence of three resonances liable to generate the
peculiar shape of the lightcurve of R Cen (double maximum) :
P0/P1 ' 5, P1/P2 ' 5/3 andP1/P3 ' 2.

— Fifth, if one varies the mixing length so that a larger
number of stars match one of the two possible modes in the
period–luminosity plane, then a lesser number match this mode
in the period–temperature plane, since both the luminosity and
the temperature increase. This confirms that our mixing–length
calibration is a much better compromise than the standard (solar
and RGB) value within the frame of the linear approximation.

Two stars,χ Cyg (S–type) and R Cas (M–type), have been
found definitely pulsating on the fundamental mode according
to their magnitudes, and definitely on the first overtone accord-
ing to their temperatures. Despite many efforts, no change of
chemical composition (X, Z) was found able to reconcile the
observation and the theory within the error bars (not even within
2σ), even if the mixing length was changed.

Van Leeuwen et al. (1997) had found R Cas andχ Cyg
simply pulsating on the fundamental mode. The disagreement
may have two complementary explanations. First, these authors
made, for the first overtone, a rough analysis using effective
radii together with the so–called ”pulsation constant”, taken
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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 (Z = 0.02 assumed)

Star P [d] Mbol Mbol(+σ) Mbol(−σ) T eff [K] Mode M (Mbol) M (Teff) Remarks

R Aql 284 -4.29 -3.65 -5.06 2539 ± 113 1O 0.8+1.5
−0.3 2.8+1.0

−1.0 He–flashing
R Aqr 387 -4.21 -3.02 -6.47 2568 ± 136 F 1.5+3

−1 1.2+1.3
−0.7 Symbiotic

R Car 309 -3.79 -3.42 -4.18 F 1.1+0.5
−0.3

S Car 149 -3.39 -2.74 -4.18 F 1.2+1.0
−0.7

1O ≤ 1.6
R Cas 430 -3.74 -3.35 -4.16 2300 ± 150 F 0.9+0.5

−0.3
1O 1.8+1.4

−0.7
T Cas 445 -6.81 -6.54 -7.07 2795 ± 128 1O ≥ 5 ≥ 5
R Cen 546 -6.65 -5.57 -8.48 1O 4.5+1.5

−1.5 Double max.
T Cep 388 -5.11 -4.64 -5.63 2359 ± 302 1O 1.7+1.0

−0.7 2+3.0
−1.4

o Cet 332 -4.84 -4.41 -5.31 2396 ± 145 1O 1.5+0.9
−1.0 1.9+1.5

−1.4
R Cnc 361 -5.70 -4.58 -6.52 1O 3.5+2.0

−2.3
χ Cyg 408 -3.74 -3.29 -4.23 2242 ± 140 F 0.9+0.6

−0.3 S–type
1O 1.2+1.1

−0.1
R Hor 408 -5.22 -4.45 -6.25 1O 1.8+2.0

−0.8
R Hya 389 -5.79 -5.08 -6.38 2661 ± 213 1O 3.5+1.5

−1.8 ≥ 3 He–flashing
R Leo 310 -4.59 -4.35 -4.85 2379 ± 124 1O 1.3+0.4

−0.5 1.6+1.0
−1.0

R Lep 427 -3.54 -2.98 -4.21 F 0.8+0.7
−0.3 C–type

U Ori 368 -5.35 -4.43 -6.06 1O 2.5+2.0
−1.0

X Oph 329 -5.58 -4.13 -6.54 2949 ± 160 F 5−2.0 4−3.5

S Peg 319 -4.02 -3.09 -4.75 2107 ± 295 1O ≤ 1.4 ≤ 1.8
RR Sco 281 -4.85 -3.88 -6.33 1O 1.8+3.5

−1.3
R Ser 356 -4.40 -3.49 -5.74 2804 ± 144 F 1.8+2.2

−1.0 3.2+0.8
−0.9

R Tri 267 -4.08 -3.37 -4.67 F 1.6+1.0
−0.8

1O < 1.6
S Vir 375 -4.63 -3.64 -5.39 2804 ± 112 F 2.2+2.3

−1.3 3.1+1.2
−1.3

equal to 0.04, whereas, in fact, it significantly increases with
the period : using the same model grid as for the fundamental
mode, it appears that, atP1 ' 420 d, Q1 ' 0.055, which
makes the radius smaller by 24 %. As a consequence, the correct
first overtone radius forM ≤ 1M� falls within the error bars
of χ Cyg, generating a mode ambiguity which Van Leeuwen
et al. could not see. Second, as radius mixes luminosity and
temperature, it may little vary when both are decreasing ; it is
thus less discriminant than temperature.

At first sight, the ”exotic” long–term nonlinear behaviour
observed by Yaari & Tuchman (1996) in their hydrodynamic
models — switch onto to the fundamental mode, then drastic
decrease of its period, together with its temperature — might
be the explanation of the anomaly. However, the models predict
that the new pulsation period liesbetweenthe linear fundamen-
tal and first overtone (it must be 10 to 35 % shorter than the
fundamental), which is not the case ofχ Cyg and R Cas. More-
over, the observed periods are approximately 4 times longer than
the linear first overtone at this luminosity: this is hardly reached
by extrapolating the results of Yaari & Tuchman, and only at
high luminosities, while the two stars are among the faintest
of our sample. Lastly, it remains to explain why the other stars
(especially the more luminous ones) do not exhibit a similar
behaviour.

On the other hand, we have investigated the possibility that
the discrepant behaviour of these two stars be due to deviation
from the standard AGB core mass–luminosity relation because
of the thermal pulse phenomenon (Wood & Zarro 1981, Lat-
tanzio 1986, Boothroyd & Sackmann 1988a). That is, we have
computed linear pulsation models having the same luminosities
and periods as R Cas andχ Cyg, but core masses up to 0.1M�
higher or lower than the value given by Paczyński’s relation (this
corresponds to huge deviations from the standard luminosity at
a given core mass). This led to very small shifts of mass (a few
%) and temperature (1 %). Thermal pulses are thus unable to
explain the discrepancy between luminosity and temperature in
the two stars. But this is rather good news for our whole work
(in particular, our conclusions concerning R Aql and R Hya are
not influenced by their recent helium flash) and for others, since
the AGBMc–L relation is far from being well fixed (Boothroyd
& Sackmann 1988b, Vassiliadis & Wood 1993).

The most likely explanation of the peculiarity of R Cas and
χ Cyg is the presence of a dense dust shell close to the star (at
about 10R∗), making the color temperature lower and increas-
ing the angular diameter at relatively short wavelengths (scatter-
ing). This is supported by the very significant silicate emission
excess of R Cas at 8µm (Vardya et al. 1986, Little–Marenin &
Little 1990). Since dust opacity evolves asλ−1.n, angular di-
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ameters measured in K or H’ should be the only reliable (hence
a temperature about 14 % higher, according to the angular di-
ameters of R Cas near maximum light). Then, R Cas andχ Cyg
would be fundamental pulsators with masses≈ 1.1M�. It has
been suspected for long time that thermal pulses generate im-
portant mass–loss variations, leading to important spatial and
temporal variations of the dust density around the star (Willems
& de Jong 1988, Oloffson et al. 1990, Zijlstra et al. 1992) : this
might be the origin of the peculiarity of these two stars.

Concerning the carbon star R Lep, whose magnitude indi-
cates fundamental mode pulsation, and remembering that only
the higher–mass AGB stars can become carbon–rich, the theo-
retical mass (0.8 ± 0.7M�) seems unlikely — though not im-
possible, owing to1σ or2σ error bars. This star may simply be a
fundamental pulsator with an overestimated bolometric magni-
tude, because of strong obscuration by carbon dust in the visible
and near–infrared bands.

T Cas was found having a high mass (≥ 5M�). It is
thus probably undergoing hot bottom burning (Blöcker &
Scḧonberner 1991, Boothroyd & Sackmann 1992, Vassiliadis
& Wood 1993). This may be the case of R Cen and X Oph, too.

The symbiotic star R Aqr probably is pulsating on the fun-
damental mode: a moderate metallicity decrease could allow the
star to only marginally fit the first overtone at about 3M� but
the star would nevertheless remain both at the higher luminosity
and lower temperature error bars.

The other 13 stars may be considered as ”ordinary Miras”.
Eight out of them are found most probably pulsating on the
first overtone. Three are most probably fundamental pulsators.
Two may pulsate on either of these two modes with similar
probabilities.

7. Conclusion

Thorough discussion of the previous attempts at modelling the
pulsation of Long Period Variable stars led us to the following
conclusion : if, owing to the uncertainties pertaining to hydro-
dynamical models, the possibility of drastic structural changes
generated by thermal nonlinear effects (Yaari & Tuchman 1996)
is left aside, then it is possible and thus necessary to minimize
the significant errors on the mode periods and effective temper-
atures involved by the classical linear schemes, by allowing the
mixing length parameter to differ from the one adopted for non–
LPV stars and, possibly, to change as the pulsating star evolves
along the AGB. That is, the mixing length parameter becomes
an effective parameter embracing various phenomena in addi-
tion to convection. On this ground, we have built a linear model
grid assuming a mixing–length parameter lower than the value
required for the Sun or for RGB stars, and slightly decreasing
along the AGB (in the LPV domain) according to a fixed law,
based on the values that were derived from the several probable
radial modes identified in the lightcurves of three oxygen–rich
Miras (Barth̀es & Tuchman 1994, Barthès & Mattei 1997a, b).

The periods of the radial modes predicted by the model
grid were confronted to the bolometric magnitudes and pe-
riods of the numerous Miras in the Large Magellanic Cloud

and of LPVs in three LMC clusters. We find that the two se-
quences of LMC clusters stars, in theMbol—log P plane, cor-
respond to two different predominant pulsation modes. The
lower–luminosity/longer–period sequence, coinciding with the
Mira strip of the LMC, is the one of the first overtone. This is
consistent with the linear growth rates. The probable masses
range from 0.6 to 1.5 for stars with periods lying between 100
and 400 days, which is consistent with the values commonly
admitted on evolutionary grounds. Assuming a constant mixing
length parameter does not basically change this conclusion.

The other, larger–luminosity/shorter–period (and lower–
amplitude) sequence, corresponding to some Semi–Regulars,
is composed of stars pulsating on the second overtone. The ob-
served switch from the second to the first overtone is correctly
predicted by the model grid. For every assumed mass, it occurs
at the period where the linear growth rate of the first overtone
starts exceeding the second ; this coincides with a 3:2 resonance
between the two modes.

Thanks to the new parallaxes and proper motions made
available by HIPPARCOS, and to recent, relatively accurate de-
terminations of the mean effective temperatures, we have been
able to check the validity of the abovementioned conclusions on
Miras of the solar neighbourhood. Pulsation on the first overtone
is found the most probable for 60 % of the sample Miras (and
about 70 % of the most ”standard” ones) ; consistent masses
are derived. The other 40 % (30 %)seem to be fundamental pul-
sators. It is worth noting that our modelling straightforwardly
explains both the unusual spectral type and variability of R Cen
(high mass and multiple resonances).

The high masses derived in the case of T Cas, R Cen and X
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 stars : R Cas andχ Cyg. Their color temperatures
and angular diameters at wavelengths shorter than 1µm seem
to be strongly affected by dust shells. They might be at a special
phase of the thermal pulse cycle when, because of mass–loss
variations, the dust density close to the star is peculiarly high.

The overall agreement between our models and the observa-
tions (including the probable modes detected in the lightcurves
of a few stars) gives support to our initial hypothesis that non-
linear effects do not yield any dramatic change of structure such
as found by Yaari & Tuchman (1996), whose calculations might
suffer from their simplistic treatment of time–dependent con-
vection/turbulence. It thus seems that linear modelling, if im-
plemented with care, can still provide fair approximations to the
pulsation (pseudo)periodicities for given fundamental parame-
ters. This is rather good news, considering the amount of works
(including evolutionary calculations) that requireP–M–L re-
lations.

Knowing the period of the dominant mode and the bolomet-
ric magnitude and/or the effective temperature, one thus may
derive a theoretical mass for a given metallicity (which can be
roughly estimated, e.g., from the kinematics). More precise re-
sults may be obtained if one or two other modes are known from
the Fourier and time–frequency analysis of the light curves, even
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if the luminosity or temperature is ignored (Barthès & Tuchman
1994 and Barth̀es & Mattei 1997a, b, c). We must however stress
that precision does not not exclude some inaccuracy, i.e. pos-
sible systematic shifts resulting from the fact that open outer
boundary, phase–lagged convection, nonlinear effects, etc. are
not really equivalent to changing the mixing–length parameter.
We also stress that, as far as we know, our mixing–length cal-
ibration is not suitable for calculating evolutionary tracks, at
least outside the LPV domain, which is only a limited part of
the Asymptotic Giants Branch.
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Claret A., Giḿenez A., 1992, A&AS 96, 255
Cox J.P., Giuli R.T., 1968, Principles of Stellar Structure, Gordon and

Breach, New York
Cox A.N., Ostlie D.A., 1993, ApSS 210, 311
Feast M.W., 1996, MNRAS 278,11
Feast M.W., Glass I.S., Whitelock P.A., Catchpole R.M., 1989, MN-

RAS 241, 375
Fox M.W., Wood P.R., 1982, ApJ 259, 198
Gatewood G., 1992, PASP 104, 23
Haniff C.A., Scholz M., Tuthill P.G., 1995, MNRAS 276, 640
Hill, S.J., Willson, L.A., 1979, ApJ 229, 1029
Hughes S.M.G., Wood P.R., 1990, AJ 99, 784
Keeley D.A., 1970a, ApJ 161, 643
Keeley D.A., 1970b, ApJ 161, 657
Keeley D.A., 1970c, thesis, California Institute of Technology
Keenan P.C., Garrison R.F., Deutsch A.J., 1974, ApJS 28, 241
Lattanzio J.C., 1986, ApJ 311, 708
Little-Marenin I.R., Little S.J., 1990, AJ 99 (4), 1173
Luri X., Mennessier M.O., Torra J., Figueras F., 1996, A&AS 117, 405
Oloffson H., Carlstr̈om U., Eriksson K., Gustaffson B., Willson L.A.,

1990, A&A 230, L13
Ostlie D.A., In: Buchler J.R. (ed.), The Numerical Modelling of Non-

linear Stellar Pulsations, Kluwer, Dordrecht, p. 89
Ostlie D.A., Cox A.N., 1986, ApJ 311, 864
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