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Abstract. Analytic formulae are presented to construct detailedass loss rate as a function of the stellar parameters have been
secular lightcurves of both early asymptotic giant branch (AGRpplied (e.g. Reimers 1975, Iben & Renzini 1983, Mazzitelli &
and thermally pulsing AGB stars. They are based on an extendd&ntonal1986, Wood & Faulkner 1986, Vassiliadis & Wood
grid of evolutionary calculations, performed with an updatét®93 VW93, B95). The uncertainties were cast into the “effi-
stellar evolution code. Basic input parameters are the initial massncy” parameter, which depends on the mass loss prescription
M;, 0.8 < M; /Mg < 7, metallicity Z; = 0.0001,0.008,0.02, used, and which is actually a parameter that can be calibrated
and the mixing length theory (MLT) parameter. The formulaiom AGB population synthesis models (e.g. GdJ, Groenewegen
allow for two important effects, namely that the first pulses d& de Jong 1994).
not reach the full amplitude, and hot bottom burning (HBB) in In addition, the MLT parameter is related to a series of
massive stars, which are both not accounted for by core magseblems concerning (a) the correct effective temperature scale
luminosity relations of the usual type. of late-type stars derived from observations, (b) the opacity at
Furthermore, the dependence of the effective temperatioe temperatures (Alexander & Ferguson 1994), (c) the time-
and a few other quantities characterizing the conditions at ttiependent problem of dust formation (Fleischer et al. 1992, and
base of the convective envelope, which are relevant for HBB, aeferences therein), and (d) the theory of convection itself.
investigated as functions of luminosity, total and core mass for The third restriction of the use of full evolutionary calcula-
different formulations of the convection theory applied, MLT otions is the occurrence of the third dredge-up as a consequence
Canuto & Mazzitelli's[(1991) theory. of TPs, which is considered to be responsible for the formation
of carbon stars. However, canonical stellar evolution calcula-
Key words: stars: fundamental parameters — stars: evolutiortiens do not consistently predict the formation of carbon stars
stars: AGB and post-AGB — methods: humerical in the mass range that they are observed, roughly between 1.2-
1.5 M, depending on metallicity and aboutM,, (e.g. GdJ,
Groenewegen et al. 1995). The explanation is still under debate
1. Introduction and recent progress has been made (see e. g. Frost & Lattanzio
1996, Staniero et al. 1997, Herwig et al. 1997) but not to the
As a matter of fact, full AGB stellar evolution calculations argegree that the results can easily be included in synthetic AGB
unable to provide the statistical information needed for purpos@gdels. Therefore these models introduce a fudge parameter to
like population synthesis. There are three main reasons for thjgscribe the third dredge-up, in particular the dredge-up effi-
First, the calculations are rather lengthy, reflecting the cogjency \.
plexity of the inner structure of AGB stars and of the temporal T summarize: In order to describe the evolution of whole
evolution due to thermal pulses (TPs, also called helium shgjb|jar populations using synthetic calculations, one has to
flashes; see e. g. Iben & Renzini 1983; Boothroyd & SackmagRplore a parameter space with at least five dimensions:
1988, in the following BS88; Lattanzio 1986, LA86; Wagenhueyy, 7, o, n, \). This has been done in the past e. g. by Ren-
ber & Weiss 1994,WW94; and Btker| 1995, BIS). zini & Voli (1981)), Jergensen (1991), Groenewegen & de Jong
Second, the calculations involve at least two poorly know1993, GdJ) and Marigo et al. (1996). Although these works
parameters, the mass loss efficiemcgnd the mass loss pre-haye contributed a lot to an improved understanding of AGB
scription, and the mixing length (MLT) parametey each of eyolution, there are some obvious shortcomings: e.g. the data
them only meaningful in the framework of tlaepriori chosen collected by GdJ and frequently used since then are partially
description of the mass loss and convection theory, respectivglsomplete, making somed hocinter- and extrapolations nec-
Since it has become clear that AGB evolution is dominated B¥sary, since results obtained in three decades are combined
mass loss (Sd@nberner 1979), numerous formalisms giving thgith each other, and they are oversimplified in some respects,
Send offprint requests 1M.A.T. Groenewegen e.g. concerning hot bpttom puming (H.BL.%). Furthgrmore, some
(groen@mpa-garching.mpg.de) data such as the rapid luminosity variations during a TP were




184 J. Wagenhuber & M.A.T. Groenewegen: New input data for synthetic AGB evolution

neglected by many authors, although they are needed for some lg L
of the applications mentioned below. lg Ly
The aim of this paper is to provide essential theoretical data

for applications like classical synthetic AGB evolution. In this
sense this paper provides a fully updated and improved set of
relations with respect to GdJ.

The paper is organized as follows. In the next section some g L
terminology is introduced, and the intrinsic errors due to phys- g L K T
ical assumptions are discussed. After this, the full evolution ¢ = ° s N
calculations up to and along the early (E-)AGB are shortly de-
scribed (Sect. 3). The fourth section contains the recipes nec-
essary to construct the secular lightcurves on the TP-AGB agig 1. A typical TPC as produced by the code described in the text.
function of time for all relevant initial total masses and metafrhe labels illustrate some of the definitions in Séct] 2.1. The time axis
licities. Finally, properties of the effective temperature and thes been stretched around the first TP shown.
conditions at the bottom of the convective envelope for various
model assumptions are discussed in Sect. 5. (i) The turn-on phasecomprising about the first ten TPs. All

global quantities are aiming at their asymptotic behaviour,

_ _ but still the deviations are significant (up to 60%). This is
2. General remarks and computational details calledturn-on effecor TOE here.

lg Ly

T

2.1. Some definitions (i) The asymptotic phasewhere the global quantities have

) ) N ) reached their asymptotic behaviour.
Let us first define some quantities and index labels that are used

throughout the rest of this paper. The MLT parameterr may be defined either for the MLT

A thermal pulse cycl€TPC) is the time interval from a lo- or Canuto & Mazzitelli's[(1991) theory (CMT) and is labelled
cal maximum of helium burning, through quiescent hydrogeaccordingly, if necessary.
burning, up to the next TP. All quantities that refer to a TPC The three sets of calculations {8y = 0.02,0.008 and10~*
as a whole are defined to be functions of the conditions at thee calledoop I, LMCandpop Il in the following, respectively.
beginning of the TPC. Thiérst TPis the one in which the max-
imum (integrated) luminosity produced by He-burning excee%bscripts:
the maximum H-burning luminosity prior to this for the first
time. Previously there may Bere-pulses”. b: Quantities defined at the bottom of the convective mantle,

Uppercasdetters denote quantities that depdiméarly on ¢: concerning the core and
parameters. Time intervals (in years) are denoted,by par- m: the mantle.
ticular the duration of a TPC, thiaterpulse timeby 7;,,. Lu- ) L . ]
minosity and mas$L, M) are given in solar units r;s usuaI,A’B’C’D' Denote luminosity extrema in the TPC (Fig. 1):
temperatureg’ in K, the abundances of hydrogéh heliumY A — the“slow maximum”during quiescent H-burning,
and metalsZ in relative mass units{ + Y + Z = 1), and all B - the"rapid dip” following a TP,
others in cgs units. C — the"rapid peak” after this,

Lowercaseletters are used for decadic logarithms of thB — the“slow dip” at the transition from He- to H-burning.
above quantities, e.¢.= lg L/ L, except forz = lg Z/0.02
being the logarithmic metallicity scaled to solar. _

Thecoreis defined to be the part of a star inside the IocatiJn_
where the local hydrogen content reaches half the photosphghq
value. Since the H-burning shell is extremely narrow (both -e.
radius and relative mass units), this essentially coincides Wﬂh
all other definitions of the core mass in the literature. Toee
growthA M, is defined ag' max{ 4%, 0}dr. Usually, AM, =
M(T) — M.,0, wherelM, o is the core mass at the first TP. _

Themantleis the part between the photosphere and the core.
In terms of the relative mass content, it is almost identical with
what is frequently called “(convective) envelope”. o i .

One has to distinguish three different TP-AGB phases, de2- Intrinsic errors and physical assumptions
fined in WW94. There are: About 40 model sequences were run, with varying initial mass,

metallicity or physical input parameters. Initial masses are be-
(i) The transition phasefrom the E-AGB to the first TP, in tween 0.8< M; <7, the metallicity isZ; = 0.02, 0.008, 0.0001.
which pre-pulses may take place. The standard values far on the main sequence were 0.28,

Initial values on the ZAMS, and
final values after the TP-AGB phase.
Something produced by or related to hydrogen or
helium burning.
Quantities at the beginning of an evolutionary phase as a
whole, like the E-AGB and the TP-AGB,
TP: at the beginning of a TPC, and
: atthe end of the corresponding phase.
Denotes “effective” values measured at the photosphere.
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,,,,,, profile, AT=4.087 10%
_ _ . step, AT=0.558 10%
HeF H |

0.2651 and 0.25 for pop I, LMC and pop I, respectively. The 5
metal mix is according to Anders & Grevesse (1989) for pop I,
scaled by the appropriate factor for pop II. Forthe LMC mixturg,O 9
the abundances of C,N and O, which are considered explicithy %
in the equation of state and the nuclear reactions, deviate fréfn3-2
the solar values following Russell & Besséll (1989) and Russell 3.0
& Dopita (I990). Opacity tables were always used, according 2-8
to their X,Y and Z values, neglecting the internal metal ratios.
During the full stellar evolution model calculations new
input physics became available which allowed us to telsig. 2. The lightcurves during the first TPCs for the full evolution

for any d|ﬂ:erences |nd|Ced by them TWO d|fferent physithrough the core helium flash (fU”“ne) and two cases of artificial initial

cal models were used for the pop | calculations didd € models (see text). The time axis (in Myr since the onset of core helium

{1,1.5,2,3,5,7}: one with nuclear equilibrium rates and opact-)uming) of the latter two has been shifted by the amount indicated so
Y ] ) ) ) .

ities from the collection of older opacity tables by Weiss et athat the last but one TPs lie on top of each other.
(1990), as explained in WW94, and the other one with a nu-

clear network, and more recent opacities taken from Rogersa§id B95. The code used in the present work needs a MLT pa-
Iglesias|(1992), in the following referred to as models A and Bameter approximately 0.25 and 0.2 larger, respectively, to re-
respectively. Fofl" < 10*K, the OPAL tables were completedproduce their results. In order to fit the present sun with OPAL,
by LAOL data. Both sets agree well aroufid~ 10°K. The o = 1.578 andY = 0.2803 is needed, very close to the stan-
LMC calculations were carried out with model A, model B wagard values of 1.50 and 0.28, giving rise to a possible shift.of
employed for pop Il. Our nuclear network comprises the followsy far within the uncertainties of the observed AGB effective
ing species relevant for the AGBH, *He, “He,'*C, '3C, "N, temperature scale. Since the dependence of all resulisien
"N, 190, 170, *°Ne, **Mg. A leakage out of the CNO cycle, the dominating one, uncertainties due to the variatioris
which is unimportant for the energy generation rate (Mowlay givenZ of about+0.03 are neglected.
et al.[1996), was not taken into account. For more details, see Additionally, some TPCs were repeated with the CMT for-
Weiss & Truran [(1990), Weiss et al. (1996) and Wagenhubeilation of convection instead of standard MLT. This was done
(1996). The models were evolved off the ZAMS through thgith a mixing lengthA proportional to the local pressure scale
core helium flash (foi4; < 2) up to the AGB without manual heigth H,,, i. . A = acmr Hy. The choicexcyr = 0.65 re-
interventions and Wlthahlgh numerical resolution (See WWQAF)FOdUCGd the effective temperatures obtained with MLT and
When comparing model A and B calculations, one finds ag,;+ = 1.5 very well (see Sedi5.2). Beyond this, time-
the major effect that fon/; < 4 the initial core mass$/.o as dependence according to the model by Arrett (1969) and a tur-
a function of M increases slightly faster for model B than fopylent pressure model according to CMT were invoked in some
model A (see Fid.]7). The greatest difference0df8 M, oc- test sequences. These tests reveal that the various convection
curs forM; = 7 (the OPAL data forM/; o agree with those of formalisms, too, do not influence luminositiy and timescales
D’Antona&MazziteIIi(1996, DAM96) tOWithim.Ol]\/f@).AC- by more than 2%, except if HBB is Operating (See Sect. 41)
cordingly, the massive stars in model B reach somewhat high®fe time dependent convection models give rise to two inter-
luminosities than their counterparts in model A with the sam&ting effects during the “rapid luminosity peak’; is cooler
M;. However, on the TP-AGB luminosities and time scalegy about 100K than during the quiescent phases;araf low-
when considered as functions/of. and AM., agree with each mass stars, which usually never excegdsx 10° K, reaches
other to within 12%, the main contribution being that the TOEeak values of x 106K shorﬂy after a TP, since the bottom of
tends to be stronger for model B. the mantle convection zone cannot retreat as quickly as in the
The convective core of the Horizontal Branch models gropase of “instantaneous” convection. However, and the TP
slowly into the semi-converctive regions, which, due to the ugghescales are unaffected.
of the Schwarzschild-criterion, are formally stable stable in our These calculations furthermore allow to estimate the impact
solutions. The growth is due to the smoothing of (unphysicaj the way the initial models were generated on the TP-AGB.
molecular weight steps in the grid-control routine of the codgstead of full calculations through the core helium flash, often
However, in the B-sequences, the growth happened in discrgfe chemical profile of the last model at the tip of the RGB (red
“breathing pulses” (Castellani et al. 1985). The size and ogrant branch), or an artificial step profile, are used to obtain a
curence depends on both physical (mixture, opacities) and gdre helium burning model by means of an explicit integration
merical details. For increased resolution in both space and tifgthod. These three possibilities have been carried out for a
their extent is reduced and the cores grow in a more contingyp 11, M; = 1.25M, model. The luminosities at the onset of
way. the core helium burning phases, which last for 62, 56 and 78
The standard choice for the MLT parameter was- 1.5, Myr, are79.8,81.1 and82.3L, for the full evolution, H-profile
which together with the adopted opacities for low temperaturgid step profile cases, respectively. Only the latter experiences
yielded somewhat lowef (i.e. the effective temperature fol-5 breathing pulse. The beginning of the TP-AGB is shown in
lowing our nomenclature) when compared to results by DAM36g [2. The sequences evolved off artificial initial models show
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an irregular behaviour during the first TPCs. This leads to tBe4. Limits of applicability

conclusion that the composition profile of the Hn -shell provid%” the formulae presented below should be considered as in-
a rather long-lasting memory, which may cha ndr, at erpolations, valid for the parameter spdce < M; < 7 and

the first TP by about 10%, and will therefore mildly influenc%

—4 g L —4 i
the evolution of low-mass stars, since these experience onlyfe(()/v <45 O'Q2f Below Z; = 1077, new physm_al effects
TPs (GdJ) occur (see Cassisi et al. 1996) that partially invalidate the de-

scriptions given below.
With the standard choice of the MLT-parameter= 1.5,
2.3. Outline of the method almost no HBB takes place, and the resultiigare close to

Here we briefly outline the method used to derive analytical reltzg'—e Iowe_r limit O_f the what is allowed by observatlons. Hence
< 1.4is meaningless. Onthe other hand, no data with 2.8

tions from the full calculations, using the core mass-luminosi§/ . :

relation as an example. re available, so that larger values should be avoided too.
It has been known for a long time that two important quan-

tities characterizing the TP-AGB;4 andlg 7;,,, approximately 3. The evolution prior to the first thermal pulse

are linear functions of the core mass (Pat[II70[I975). In synthetic AGB evolution calculations, the evolution prior to

However, many different formulae were published (e.g. Iqu . ; .
e first TP must be taken into account to determine the total
& Truran[1978 (1T78), Wood & Zarrg 1981 (WZ81), LA86’mass left at the onset of TPs

BS88).
To find an appropriate description of our data, firsindlg _
were assumed to depend linearly b, and each of the three 3.1. Up to the core helium flash

setsl of calcul'anons (po% , I_I e:jnd LNLC) was CO?S'dedredbsep@éW—mass stars that experience the core helium flash may lose
ratey(s_ometlmesaqua ratic dependance was found to e”}%‘?gnificant amount of mass on the first giant branch. Jimenez
appropriate). Arandom subset of data from TPCs in the asymP-MacDonald (199]7) give a core mass-luminosity relation

totic regime without HBB' distributeq withif.55 < M. ,<, CMLR) for the RGB, which in terms of the variables intro-
0.80, was used to obtain a rough estimate for the coefficien ced in Sec 2 1. = lg M, etc.) reads:

and to determine if the latter are constant, or depend linearly on
Z; orlg Z;. One thus obtains a first guess relatidh (M, Z;). 1. = 4.826 + 0.066z; — 0.012?
Next, the residua due to the TOE are considered, still ig- (3,186 — 0.1292; — 3.48m.)m. , 1)
noring HBB for the moment. They can well be described by
an exponentially decaying function of the core growth, i. e. tifd which reproduces the data of this work faf, < 0.26
ansatzg® ~lg|f — ¢™V| is a linear function ofAM,, with SO perfectly that there is no need to establish a new relation.
coefficients depending ol or M, , and Z; or lg Z;, which  Together with Eq[(6) below, Eq(1) can be directly integrated
are determined by a non-linear fit for a subset of all the data. toobtainL. (7). For the purposes of synthetic AGB evolution,
continue, the least significant terms in the new residual functiffe core mass at the instant of time when the helium flash occurs
are removed. The resulting formula is checked against the fe@n be approximated by
avaﬂaple data set. One finds the}t the da}ta p0|r_1ts_preV|oust MLRGBHP — (0.454 — 0.023% + 0.059M;) x @)
taken into account are well predicted, with deviations of the or- M
der of less than twice the mean error with respect to the subset (1 — (0.033 — 0.008z)e ) ’
data. which has a maximum af/. rartip @approximately at an initial
The effects of HBB are strongly non-linear functions of thgass of
total mass and the MLT parameterOne calculation witlx =
2 (M; = 5M,) was carried out, and data from DAM96 and B9 /imax = — [n(0.0169 —0.0052;) —2.935 — 0.022z.  (3)
were additionally considered. A large number of analytic forngsyr 37, < M; maxs Me rcBtip = Me RaBtip (M max) Must be
with the correct qualitative behaviour were tested. used.
In a final step, all coefficients are improved simultaneously When M. repiip < 0.35 according to Eq{2), helium ig-
by applying a non-linear fitting procedure to the complete daftes under non-degenerate conditions, and there is no real
set. The values of the parameters are given with as many digdsB. This is the case fak/; = 2.5. For M; < 1.5, there is
as necessary to obtain deviations of less than 1% with respeG{¢osystematic difference between OPAL and LAOL calcula-
results calculated with 16 digits. The number of digits must nggns (A M7, < 0.005). The transition from degenerate to non-
be mistaken as an indication that the parameters are *knovfegenerate ignition turns out to be relatively model dependent.
to this precision, since changing one parameter usually coygwever, this does not affect the AGB, since fot = 2 the
be compensated by changes of another one, at the expenserits tip luminosity does not exceed00L, and the transi-
some data points were reproduced considerably worse.  tion timescales from degenerate to non-degenerate are relatively
short, so that almost no mass is lost.
The following core helium burning phase does not directly
influence the AGB, since the luminosities are too low to drive
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Table 1. The coefficients to calculatéfr. o for Z; = 0.02 and10~*.  pression according to Sect. 2.3 is derived:

La= (18160 + 3980z) (M, — 0.4468) (5a)

Pop Q1 q2 qs3 qa 1102705+ 1.649Me o (5b)
| 0.168 0.0174 —0.175 0.125 0,023 (01 4TI M M2 (1—a—AMe /001

Il 0150 0.0000 0.050 0.120 X (10 " ) (50)

_ 103529 — (Mc,0—0.4468) A M. /0.01 (5d)

significant mass loss, except for blue horizontal branch Stf;lr e f'r.St term is recognized as the usual Ilnegr CMLR, but _the
pe is flatter than usual. The teriml(5b) provides a correction:

o A o A s hn added 52 T3) st 0 iy andigno ). e

are not further considered here. sum yields forM, = 0.6 the same numerical values fon, as
most CMLRs that were fitted for low core masses. On the other
hand, forM. 2 0.95 this sum approaches the formula given by

3.2. The E-AGB IT, which is applicable for massive cores only (dotted lines in

After core helium exhaustion, the helium shell initially burngig‘@

quiescently. The first TP occurs when the He-exhausted core g _The Fe.rT“ K.Eb) corrects for HBB, which is characterized by
proaches the H-shell, atfy, — My, < 10~2. L, rises from the a steep initial increase df, , and a drop when the mantle mass

relatively low values typical for convective core helium burning™™ is reduced (B95, their Fig. 9). The calculations by DAMI6

up to the high AGB luminosities. Since the evolutionary tim r M; < 5 show that HBB operates only for massive cores

h _ A—AM,./0.01 . A
scales on the E-AGB are long compared to TP recurrence timj 'g(,j mantles. The_ factql — e ) mimics _the initial
and since for stars with/; > 4 the maximum luminosity at- "CTéase ofL.., which levels out after about the first ten TPs.

tained on the E-AGB exceeds the luminosity at the first TP,'_zI:IBB strongly depends onthe MLT parameter, V.Vith the results of
considerable amount of mass may be lost already on the E-A(%Miﬁ th dat made uze 3(/31963ch bgnglgescrlbed}gym — 5
This is interesting with respect to the initial-final mass relatioa;75' € katslglverlll y q (tdet;r Ihg h),_notuse in . (5),
since forlM; ~ 4 there are indications that the final mass is |eS4€ remarkably well reproduce y the chaice- 2.25.

or comparable to the core mass at the first full thermal pulse The last term,[(3d), corrgcts for the TOE, .WhiCh s quite
(VW93) important forM,. < 0.65, and independent of. Fig.[3 clearly

|_ﬁ_hows that the CMLRs by WZ81 and LA86 are influenced by

On the E-AGB, there are competing contributions from
the TOE for low core masses.

and He-burning, depending a; and the evolutionary phase,
sothatitmakes no sense to use a CMLR. Instead, the normalized
E-AGB luminosity!ly, is described directly as a function of the4.2. The core growth equation
E-AGB phasepr, = (7 — 79) /(11 — 70), 0 < ¢pp < 1:
I —1
g = T lz = vép + (1 —v)dh. (4) dcli\fc _ XimLH’ )
The mass of the helium exhausted core at the beginniwgereq, the mass burnt per unit energy release, turns out to
of the E-AGB, M., o(M;, Z;), is calculated fromMy. o = be slightly metallicity dependent due to the contribution from
max (g1 + g2 X M;, g3 + q4 X M;), where the coefficientg the pp-cycle for lowZ. The calculations with a nuclear net-
are listed in Table 1, for pop | and II, and can be linearly invork yield the mean valug = ((1.0240.04) +0.017z)10~*!
terpolated iflg Z;. In case of “breathing pulsesM. o may be (My/Leyr). The luminosity produced by H-burning that enters
larger by up ta(0.11 — 0.0114). Eq. [6) is smaller than the total luminosity, since gravitational
OnceMye o is known, the duration of the E-AGB; — 7y,  energy release due to the core shrinking and the flow of burnt
and the two parametersand 3 in Eq. @) are approximately mantle material down to the core, together with relic helium
piecewise linear functions af/y, o alone, independent ¢f;.  burning, additionally contribute during quiescent H-burning:
We find thatlg (11 — 79) = max((8.4 — 5.0 x Mue,0), (7.6 lg(Ly.a/La) = —0.012 — 10~ 125 118AMe 9 0016 M,,.(7)

— 3.1 X Myeyp)), v = max(0.19, (—0.23 + 1.35 x Mgeg)) _ _ _
and = max((16.3 — 34.1 x Mige,0), 5.7), for My, varying This equation was derived for the standard value of the MLT

between 0.14 and 0.56. parameter, which implies that the value bf to be used in
Eq. (7) should be calculated from Eq. (5), with the term (5c) put
to unity as the standard models didt experience any HBB.

The equation that describes the core growth reads:

4. The luminosity on the TP-AGB as a function of time
4.1. The core mass - luminosity relation (CMLR) 4.3. Further relations for luminosity extrema

One of the most important relations that come out of evolutiofthe first observable effect of a TP is that the layers above the
ary calculations is the maximum luminosity during quiescehelium shell source expand, thus the hydrogen shell is extin-
H-burning, here referred to ds,, for which the following ex- guished and the total luminosity drops. Thiapid dip” is the
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:““““““““‘“““““““““‘ “: 50;\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\\V\E
40? pop 1 (376TPs) :; 402 E
; rrrrr ; g pop I (306TPs) %
230 1 o 30F 3
SO 1~ B
— L ] < [y J
20 J "= 2 E
: ] 10F =
10F = E ]
E E 0 E e
F E 0.60 0.70 0.80 0.90 1.00
O E M.
1 Fig. 4. The luminosity peak after a TP as a function of the core mass
40 3 for Z;=0.02. Dots data points from the calculations with.r = 1.5
F ~ 1 and used for the fitd>: anr = 2, O: data from DAM96, both not
F LMC (163TPs) < used for the fit, which is shown byll lines. The appropriate values for
s 30 4 ¢,0 are used for the individual sequences. ged linedepictsL o
2 30 [ . M, d for the individual ‘dbéed linedepictsL
- F ] without TOE and HBB as in Fifl] 3. Thgashed linds the asymptotic
; g 1 relation Eq.[(Oh).
20 =
1 more pronounced the smaller the mantle mass is, since the in-
g 1 nerlayers of the mantle act as a reservoir of thermal energy that
10 7 partly compensates the initial fast luminosity drop. The rapid
E 1 dip is utterly unimportant for the secular evolution due to its
- 1 very short duration, but during this phasi.. /dt| reaches the
O 7 highest values a single low-mass star can achieve. A fraction of
E 1 roughly10~2 of all pulsating AGB stars are expected to show
40; 1 corresponding rapid period changes. The fit formula given be-
F pop Il (53TPs) L7 low strongly depends o/, even for low core masses:
L e J
Chd 7 1 Lp = (4.81(M. — 0.4865) + M%) x (8a)
; P /,,/r// / (102‘879+1Mc _ 103.2877(Mc,070‘4865)AMC/0.01) .(8b)
[ Pt ]
R0 ST E o -
E - T 1 Aftertherapiddip, foi\/. < 0.7the layers above the inactive H-
- - 1 shell start to contract, therefore releasing gravitational energy;
100 ol 4 for heavier coresL, simply follows Ly, after a short thermal
F e 1 adjustation phase. In either casérapid peak” emerges, in
e /j/ 1 which the maximum total luminosity exceeds the quiescent H-
0L bbb o3 burning luminosity prior to the TP, except for the very first weak

0.80 0.70 y 0.80 0.90 1.00 TPs or in the case of strong HBB. Note that in many earlier cal-
) culations these peaks were suppressed for large mantle masses

Fig. 3. The maximum luminosity during quiescent hydrogen burning @lue to an insufficient numerical resolution. It turns out that a
afunction of the core mass and metallicBots data points extracted HBB term does not improve the fit, and is therefore left out:
from the calculations withy e = 1.5; ¢: data forayr > 1.5 from
the calculation withM; = 5, DAM96 and B95.Full lines show the _ 2
fit to the data given by EqI5)D: independent datamot used for the Le = 59200M; — 10950 (%3)
fit, from Vassiliadis & Wood[(1994) for post-AGB nuclei, i. e. objects

with a vanishing mantle mass. The fit for this case, and without TOE, . .
is shown by thedotted lines The other linesrepresent CMLRs by Eere Eq.[(9b) accounts for the TOE, which vanishes¥or. <

various authors. For the formulae by Boothroyd & Sackmann (198@3,03'.|n the.asympto.tic regime' th? datanicglyfollowaquadratic

BS88) and Lattanzid (1986, LA86) the dependence:pfcno and relation (Fig[4#).L¢ is an interesting quantity for two reasons.

Y, respectively, has been taken into account approximately. First, the rapid peak is the only mechanism capable of pop-
ulating a high luminosity tail in the luminosity function of a
sufficiently large sample witi/; < 3. Second, if it should be

102559+ 1.951Mc,0 + (4.7 + (22542; — 147.6) Mc,0) AM. (9b)
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Fig. 5.The minimum luminosity at the beginning ofa TPC as a functiong
of M. for Z; = 0.02. Dashed lineEq. [I0&), other symbols: see Hij. 4.
5.5

true that an avalanche mass loss starts as soon as some lumi-
nosity threshold is exceeded (Tuchman et al. 1979), this would ,
take place for the first time during a rapid peak, unless HBB [*
is operating so effectively thaty, > L¢. It is a question of
the interplay between the mass loss time scale and the duratiar
of the peak, if such a gasping mass loss episode influencesthe
secular evolution. =

Finally, the helium burning declines and the H-shell recov-4.0
ers, giving rise to an extended and long-lastistpw dip”.

[TTTTTTTT \\H\HH‘HH\HH‘\HHHH‘HHHHH\L LN Y IO
L S L 4
30— - 55 —
C ] I~ q
25— - RN 7
L ] NG -
r ] 50 = N
o0 pop 1 (306TPs) A + E
R 1 i 1
ST 1 asf .
- - 1 ¢ [ 1
10F 4 = [ ]
ob 1 i ]
G b b b b I 351 pop I (365TPs) %\ ,
0.60 0.70 0.80 0.90 1.00 i ¥ NS
M., r ) N 4
[ o
|
f

o
72 L L B ) I

LA v b b b e b e ey T b e b b b B A

During the quiescent part ofa TPCp < L. < La. The fit, LC (166TP
like Eqgs.[8) and9), needs no HBB correction: 35 ( s) {
{
Lp = (76360 + 64602;) (M. — 0.3881)% — (10a) ¥
10155+ 2.11Mc o + (59.7—119.8Mc 0) AMc (10b) -
5.5 [\/{\
4.4, The core mass-interpulse time relation L - r?\
50 ! N
The second most important quantity to come out of evolution- [ * N i
ary calculations is the core mass-interpulse time relation. The | SO
following relation is found: 45 B 7{
= L .
lgmip, = (—3.628 +0.13372;) (M. — 1.9454) — (11a) * 0 N
10—2-080 — 0.35321+0.200(Mm +a—1.5) _ (11b) 40 > N
10~0-626 — 70.30(Me 0 —2:) AMe (11c) L S f
35 pop II (59TPs) S
Again, Egs.[[Z1Ib) and (Tlc) account for HBB and the TOE, resp. [ f: -
Interestingly, Eq.[(Tl1) predicts the recurrence time of pre-pulses | ~

with M. < M. (crosses in Fidl6). Fab/. < 0.7andinthe 30 .~~~

asymptotic regime, the results of the present work agree well 0.60 0.70 0.80 0.90 100

with relations forr;,, given by BS88 and WZ81. However, the M.

latter disagree foll/. > 0.8, and give lower and upper limits Fig. 6. The interpulse time as a function of the core mass and metallic-

only, respectively. ity. Data points taken from the calculations, used for the fit, are shown
Compared to the asymptotic exponential relation, the TQisdots the values given by Ed.(11) &4l lines. o: data from DAM96,

reduces,, by almost a factor of two. The influence 8fonr;, and from the run withoyer = 2, M; = 5 (M 2 0.9). x: recur-

is rather strong, in the sense that the interpulse times incretgsige time of pre-pulses, not used for theiashedanddash-dotted

with decreasing metallicity. This also means that the He-sh#ies: relations from BS88 and WZ81, respectivépttedlines: the

accretes material processed by the H-shell for a longer tird§ymptotic refation Eql.(11a).
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Table 2. The coefficients of EqC{13) faf; = 0.02 and10~*. L
3 e
Pop pr P2 ps R R R HooF RS
[ 0.0294 1.478 0.550 0.0634 0.572 3.193 0.260 0.90E . % "'/O/ CE
Il 00213 2589 0592 00324 0790 2867 0.260 © pop I R 7 opaL |
f 0.80 2,7 9 oraoL 2
g X 1
so that the TPs become more violent. The reason is that the | N A/ 0 BS88
plasma in a typical pop Il He-shell is more degenerate thanina® "% - R x VW93 3
pop I-shell. An important consequence is that the third dredge- ¢ E A LABE 4
up occurs the earlier, i.e. for lower core masses, the lower the0-60 = Y x o7 x CC90 - 7
metallicity. FoROR % 7{@ ~ DAM96 1
A further guantity needed to construct secular lightcurves 0.50 U oB9 4
is the timerp, that elapses between a TP and the slow dip, i.e. ;HH}HHH111}111H1111}111111111}11111HHMHHHHMHHHH}H;
whenL, = Lp. We find g *
1.00F s
lg(mp/7ip) = —1.01 + 0.20 z; (M. — 1). (12) =70
0.90 = © E
£ e % E
FLMC T E
4.5, The core mass at the first thermal pulse = g o f
< osop R (18)
There is one quantity of outstanding importance left to be dis: E A E
cussed, the core mass at the first TP, M&,(M;, Z:). It de- = o.70 - o) . qd) 3
termines the minimum remnant mass, and is therefore closely ¢ w ©
connected to the initial-final mass relation. Bdy < 2,thestars (59 & 7 E
develop very similar degenerate He-cores (see[Sett. 3.1),and all = ;g;,_,,?;
end up withM/, o =~ 0.55. On the other hand, massive stars with £ < E
M; 2 4.5 experience the second dredge-up, which shifts the iH1}111111111}mmm}mum}mmm}mmm}mum}ui
H-He-discontinuity inward (in mass), with the resulting; o g E
being a linear function of\/;. In between, there is a transition | oo _,,./"/‘;f
region, which is rather strongly influenced by computational e T
details. For stars in this transition regiah/. o /dM; = 0.25, 0.90F +/ P E
and sincd., increases strongly with/., and the mass loss even E pop II o E
much more steeply witfl,, such transition stars, despite theie’ 0 80; ' E
larger mass reservoir, havelkorterAGB lifetime than slightly ~ - /ﬁ
less massive counterparts. In WW94 the following parameteg- g - B
zation was introduced: 0.70 3 Y /Ax' E
g P 1
g A 1
Meo(M;) = (—p1(Mi —p2)® +ps) f + (13a) 0-60F ’/ﬁ(.*@ E
(paMi +ps) (1 — f), where (13b) il
Mi—pg\ ~1 R ST T N I

FL) = (1 te ) ' (13c) 1 2 3 4 5 6 7

Mews / Mo

Eq. (I3&) mimicsM,  for stars withM; < 2.5 that experi-
ence the core helium flash, which is almost constant[Eq] (13ig. 7- The core mass at the first TP as a function of the initial mass
accounts for the linear ingress of the second dredge-up e meta!licity. The symbols_show data from various authors (CC90:
M; = 4.5, and Eq[{I3c) mediates. All parameters can be ijastellani et al. 1990). The lines show the relafion 13a (dots) and the
terpolated linearly irlg Z;, hence in Table(2 their numerical®"® Used by GdJ (dashed).
values are given for two standard metallicities only.

A compilation of data from various authors is shown i N L .
Fig.[d. Thereis atendency that more recent opacities yield hig%é?' Luminosity variations during the thermal pulse cycle
values ofM, . Blocker’s (B95) data points lie systematicallyin previous synthetic AGB calculations, the luminosity varia-
below all other’s. Obviously there is no systematic effect dumns during a thermal pulse cycle were either neglected (Ren-
to the inclusion of semiconvection (LA86, DAM96). The comzini & Voli 1981), or described by simple stepfunctions (GdJ,
pilation by GdJ systematically deviates from the data for thdarigo et al. 1996). This is clearly insufficient if accurate the-
LMC metallicity in the sense that for low-mass stars it predictsretical luminosity functions are to be predicted. This section
too large values ol . completes the description &f. (7) on the AGB.
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At the instant of time wherl, = Lp, i. e. in the slow 5. Properties of the mantle
dip, the H-shell is recovering from the preceding TP, apd~
Ly.. Itturns out that the luminosity produced by H-burning thaﬁ'l' The method
enters Eq[(6), when normalized to the value predicted by tBeveral physical aspects of AGB evolution depend on properties
CMLR Egq. (8) and EqL{7), has an almost universal form (seéleat are almost exclusively determined by the mantle. The jus-
also WZ81), independent df;. Let ¢ = 7/7, (¢ = 0 at the ftification is that as long as there is a radiative transition region
TP initiating the TPC, whed/. = M. tp). Then we define  between the core and the lower boundary of the mantle convec-

I 1 o B tion zone, the influence of the two outer boundary conditions
hu(¢) = 1(¢) _-—°¢ ——, (14) on the core is negligible (WZ81). On the other hand, since the
Ly,cmir(Me(9), Moo, My)  1—ePn luminosity is essentially constant, the core, which prescribes
wherefy; = 93.11(Me.rp — 0.4569). There are small System_can to first order be considered to be just a gravitating point

atic deviations for the first TP of each sequence, which, howevafurce for the mantle. , y
have no influence on the integration of Eg. (6). Now considell,, M,, M. and the chemical composition to

L. depends similarly og. In the following, the arguments be given._The latter, owing to mixing o_luring _earlier evolutionary
of quantities given by a CMLR are omitted; the index «rpPhases, is homogeneous up to and including the upper parts of

denotes a quantity as given by the corresponding CMLR f H-shell. Two outer boundary conditions for the mantle are
M. = M, rp. The form functiony, is given by given immediately: the effective stellar surface radiis is

given by the Stefan-Boltzmann law and from some model for

L. (¢)% —Lprp 11— o—BLe the optically thin outer envelope one canded®€L.., M., T.).
L(}) = Tonn I = oA (15) By assuming a value fdF,, the four stellar structure equations
ATP par for L, T, P (or p) and R as functions of the Lagrangean mass
where §;, = 7.95 and by, = 2.13(1.331 — M. rp), and¢, = coordinatelM, can now be integrated inward. The transition to

max{¢ —0.1,0} accounts for the behaviour shortly after thé¢he core is well defined (see also Wagenhuber & Tuchman 1996)
slow dip. Note thahy,(1) >0.999~1, and thaD.1 < ¢ <1 due by a very steep rise df and P by one and four, resp., orders
to Eq. [12). of magnitude or more. In this way, a relatid#. (7.) is defined

Let now ¢ = (7 — 7¢)/7ip(M., M., M,) be a shifted that can be inverted numerically to yi€ld as a function of all
TPC phase, so that = 0 at the rapid peak wheh, = L. The other quantities, defining a three dimensional manifold in the
peak itself can be approximated by a parabola, followed by &ur dimensional parameter spa@e, L., M., M.). Full stellar
exponential decline. The luminosity from the rapid peak ungivolution calculations of course establish a connection between

L, = Lp can well be described by: L, andM_.. In order to study pure mantle properties, however, it
- is much more convenient to treat them as independent variables
lL(¢) =lgLc — (16) to get rid of the complicated time dependent problem one is
ag?, if o < &, confronted with in full calculations.
bé — %‘i’ if < LA In the following, a set of data relevant for HBB is dis-

cussed, together wittonsisteneffective temperatures, for var-
ious model assumptions that made use of OPAL (see[S€gct. 2.2)
and more recently published opacity tables.

Ax(1 = fx) — fx (—bJ) + %) else.

The physical meaning oAy and fy is, that when the lumi-
nosityl, = lg Lc — Ay is reached, the time scale for the de-

cline changes from, /bto 7, /(fxb). The parameteig a,1gb, 5.2. The effective temperature
lg Ay andlg fy are functions ofZ;, M. and)M.  and can again
be described by linear relations with a TOE correctionlfor
andlg b. They obey the simplified relations

Fig[8 illustrates howl’, (L., M,, M.) depends on the various
variables and physical model assumptions. Let us first discuss
the standard case (popM,. = 1, MLT; upper left box). For
lga = 7.23 — 4.40 M., (17) agiven core mass, decreases almost linearly for increasing
lgb = 3.30 — 2.91 M,, (18 l*i as I;nown(;‘.rom thteh Hayas.r;i theor¥, th? %zftdv;luhe of the
B slope depending on the opacity as a functiolPadndT’, here
lgAn = 0.08—1.50M,, and (19) dt,/dl, = —0.2. Whenl, approaches the Eddington luminosity
lgfn = —1.84+ 1.79 M.. (20)  (Lgaaq), t. becomes locally almost independent.gfand there

Note that the duration of the rapid peak does not scalerljke is even a bending towards.hotmr.for Iar_geMC. Such mantles
are no longer fully convective. It is obvious that the pressure at

Fglattr?;estr?gﬁég lasts the longer the more massive the core Iﬁ1e ph(_)tosphere has a minor influence (dotted lines, upper left
T P box), since on the AGB fot, > 3, p. < 3 for all atmosphere
models considered.
If the mantle mass is reduced, i. e. for growihfy with M,
kept constant,, increasesThe influence of\/, ont, is the less
pronounced the largev/, is; for M, = 2 it is already almost
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: Pop I : Pop I

4.0 =15 T =15

LM, = 1My

b M= 18M

g L,/Lg

g L,/Le

Ig L,/Lg

3.95 3.9 3.45 3.4 3.35 3.3 3.95 3.9 3.45 3.4 3.35 3.3
lg T, lg T,

Fig. 8. The effective temperature as a functionlof, M., M. andZ, and the influence of various model assumptions by means of the example

M, = 1. The standard case is depicted in the upper left box; the full lineg:atk.) for M. = 0.5,...,0.95My. This case is repeated in

all other boxes as dotted lines for comparison. In the upper left box itself, the dotted lines are obtained by reducing the pressure at the outer
boundary condition by a factor of three as compared to the usual reltidn., M.., T%). In the lower left box, recent observational data (see

text) are overplotted witho error boxes.

negligible. Increasind/.., while M. = const, leads to higher as the objects lose mass, as lond#4s = 0.2. If M,,, becomes
effective temperatures and vice versa without changdingdl. smaller, the former effect takes over, and faf. ~ const a
significantly (upper right box). This effect is responsible for thghrinking total mass leadsligherT,, and thus to the departure
trend towards lower effective temperatures on the upper AG@Bproto-PN objects from the AGB.
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Increasing the MLT parameter has nearly the same effddie influence of the physical models is only moderate [Fig. 9,
as reducing the metallicity (middle row): it shifts the whole setpper right box) and leads predominantly to a shiftof..)
of curves towards higher effective temperatures without charageng thd .-axis, which is equivalent to a rescaling/df.. Every
ing the influence of\/... It turns out that there is no qualitativechange of the physical model input that leads to higher effective
difference between the MLT and the Canuto-Mazzitelli theotgmperatures, like lower opacities at low temperatures, lowers
(1991, CMT, lower row). Quantitatively, there is no single valuthe threshold fot, above which HBB takes place. Changes of
of acur Which reproduces, v for all M. andi, to within  the opacities:(7', P) can be compensated by varyiagppro-
300K. This difference, however, is much smaller than the ggriately, as can be clearly seen for the pair of cases shown with
rors of the available observational determinations,oRecent long dashed and thick dotted lines. For the former, CMT and
data (van Leeuwen et al., 1997) that make usaiePArRCcOs acmr = 0.80 was used, for the latter MLy = 1.5 and recent
parallaxes, shown in the lower left box of Hig. 8, support th@PAL opacities with low temperature extensions according to
lower T,-scale. E. gx Cyg can well be explained to be a low-Alexander & Ferguson (1994, labelled AF94 in the figure). For
mass object{/, ~ 0.75) with a low-mass progenitor, so thatthe pop Il models, which imply a drastic reduction+o#t low
M. =~ 0.535, in one of its first TPCsX/. = 0.540). temperatures, also the plateu valuetgfis increased signifi-
cantly (dotted lines in Fif]9, upper right box).

In order to calculate nuclear reaction rates, the density at the
convective base must be given, too. Since the mantle convection
With respect to HBBT3, (L., M., M.) together withp,, deter- zones are almost entirely adiabatig, also fixes the entropy.
mines the rate of nuclear reactions (see e.g. Scalg et all 1975k a sufficiently large total mass, and unldssapproaches
fact that has been widely disregarded in the past is that also the Eddington limit, the simple relation
steepness of thE- and P-profiles is decisive for HBB, since it, 3
together with the mixing time scale, determines the amount f —>— — 18.9 — 0.4M, (22)
matter subject to burning. There are two extreme possibilities: poL
On the one hand, the fuel could be burnt locally at the bottoalds remarkably well over one order of magnitudé ofFig.[g,
of the mantle convection zone. On the other hand, if the mixingyper middle row) and may be used to estimate

is sufficiently effective, the mantle material as a whole at any aqhasbeen already mentioned, the quarﬁfﬁff’ (Fig@
instant of time could be subject to nuclear processing. The |o- ' ) '

cal mixing time scales, which are very poorly known from th wer middle row) determines the amount of matter subject to

: . . 3
MLT, determine the actual situation between these extremes.",}ir%Clear processing. ,It InCreases approxma;elyxaﬁ*, and
@/éen superexponentially whdn, — Lgqq. This means, that

long as the uncertainties due to the convection formalism do ftoct of hi hiah b ¢ i ldb

inate to such an extent, it is well justified to use parametriz Ie ecto rea(; ('jng Vtiryf Igt " af[sel em{Jerafurle_s fof? it € e?-

descriptions instead of time consuming full stellar evolutio&reycompgnsae y the fact that aimost no fuel 1S Teft. ftmus
e emphasized, that the nuclear yields will depend extremely

calculations. . T . L :
The most important quantity is of course the temperatu?gns't'vely on the mixing time scales in such a situation, which
re not correctly predicted by the MLT!

at the base of the convective mantle (Flg. 9, upper left bo% X . . . .
The present work qualitatively confirms the results obtained IntheIgwerrowofthef|gure:1tlhe ad|ab_at|cgrad|§’qt17b =
by Boothroyd et al.[(1993) by means of full stellar evolutiorfﬂ%hdb is shown. Leth = =& X with 1.8 < h < 3,
calculations, and work out the basic dependencies more cleagmote the steepness of the density profile. TRGA,, the
like the shift of 7;, caused by breathing pulses (their Fig. 1c}atio 3 of the gas pressure to the total pressure, including that
which can be easily explained as the effect of an increased cef@adiation, and: are (exactly) connected by the relations
mass.

For sufficiently large total masséd, = 2, ty, is roughly V.4, = 3_2-7 _ 430 -
: P P Y 42p2—6h—3 16— 128 — 332
independent of/,.. Cool basest{, < 7) occur forl, < 4. Ifthe 2

Iuminosity incre_zases beyor_ld some_critical value depending g& long as degeneracy plays no role for the EOS. In any case,
Me, Ty, either rises approximately lik&, oc L2 for low core -~ 10g cm3, so that this assumption is well fulfilled. The
masses, or drops, since the inner parts of th? mantle becqiifform decrease o¥.q 1, as L. increases demonstrates the
radiative for largel. and smallM. (in Fig.[d, this is the case increasing contribution of the radiation pressureR For

for l* > 42, M* =3 andMC > 07) At tb ~ 79, the rise L* N LEdda ﬁ =0 andvadﬁ) — 0.25. tb(l*) reaches the
flattens, unless, gets very close to the Eddington luminosityp|ateau value of, ~ 7.9 approximately when the radiation

For a given set of opacity tables, “hot bottoms” can occur fgfessure dominates, < 1/3, or V,q., < 0.255.
sufficiently large luminosities only if the ratiéf@ is lessthan '

some constant that depends solely Zrand the convection
description. A useful approximation is

5.3. The bottom of the convective mantle

(23)

6. Summary

We present analytical formulae that describe the evolution of a
M. 0.2 vt — 52, for MLT, and star on the AGB. This outdates all previous work on this subject
M, 0.5 acmt — 5Z — 0.08, for CMT. (21) up to now for several reasons. First, all formulae are based on
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Fig. 9. The temperature and some quantities characterizing the overall conditions at the bottom of the convective mantle (see text) as functions
of L., M. and M. for the standard case (pop I, MLd,= 1.5, left column) and for various physical assumptions (right column). Left: the thick

lines show the data fav/. = 0.5 and different total masses as indicated. The thin lines illustrate the efféét (for M. = 1, the highest core

mass i9.9Mg, in all other case$.1M). Right: The same quantities fad,, = 7.5 andM. = 0.7 and1.1 (left resp. upper set of curves) for

various physical model assumptions.

a (nearly) homogeneous set of up-to-date full stellar evolutieariations of the luminosity during a thermal pulse cycle, turn-
models that cover all relevant masses and a large range in metaleffects during the first few pulses, and hot bottom burning.
licity. Second, the analytical formulae take into account sevel&hhat these descriptions and formulae can possibly not account
important features found in the full calculations, and largefgpr, is the influence or feed-back of dredge-up (or nucleosyn-
neglected so far in previous analytical descriptions: the secufaesis in general) on the evolution of the star.
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In future work we plan to include a description of the variGroenewegen M.A.T., van den Hoek L.B., de Jong T., 1995, A&A 293,
ations of the various chemical species during 1st, 2nd and 3rd 381
dredge-up and HBB, which were not addressed in the full stelfdgrwig F., Bbcker T., Scbnberner D., El Eid E., 1997, A&A 324,
evolution models. L8l .

We are currently writing a numerical code to implement th'%;: : ‘J]: ?ﬁﬁ;‘r‘:'fw 1?23?2;;] 2% g‘;‘OA (?%75)71
e e B apglenc . acDord 1. 1958, MNRAS, st

. , _ fhrgensen U.G., 1991, AGA 246, 118
the AGB populatlon synthesis models (_)f GdJ o_r.Marlgp et ":}_I,attanzio J.C., 1986, ApJ 311, 708 (LA86)
(1996). With such a code we are also in a position to invesgjrarigo p., Bressan A., Chiosi C., 1996, A&A 313, 545
gate new data on AGB stars in extragalactic systems that withzzitelli I., D’Antona F., 1986, ApJ 308, 706
become available with the current and new generation of 8-1@Mawlavi N., Jorissen A., Arnould M., 1996, A&A 311, 803
telescopes. Olofsson H., Carlstim U., Eriksson K. et al., 1990, A&A 230, L13
Paczyski B., 1970, Acta Astron. 20, 47
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