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Abstract. The luminosity evolution of stars with highly con-  Stellar evolutionary calculations actually confirm thég —
densed cores surrounded by nuclear-burning shell(s) is analytelations are generally followed, for instance, by (i) low-mass
ically investigated with the aid of homology relations. Wittstars during their ascent on the Red Giant Branch (RGB) up to
respect to earlier works using a similar approach (e.g. Refstta¢ He-flash (e.g. Boothroyd & Sackmann 1988); (ii) low- and
& Weigert 1970; Kippenhahn 1981), the major improvemeimntermediate-mass stars during the quiescent inter-pulse peri-
is that we derive all the basic dependences (i.e. on core mamts of their Thermally Pulsing Asymptotic Giant Branch (TP-
core radius, and chemical composition) in a completely geAGB) evolution (e.g. Iben & Truran 1978, Wood & Zarro 1981,
eralised fashion, then accounting for a large range of possiblerestini & Charbonnel 1997), provided that hot-bottom burn-
physical properties characterising the burning shell(s). Paraimg is not operating (see Btker & Sclonberner 1991); (iii)
eterised formulas for the luminosity are given as a function Bfanetary Nebula nuclei as long as the H-burning shell is active
the (i) relative contribution of the gas to the total pressure (gésg. Vassiliadis & Wood 1994); and (iv) Nova systems during
plus radiation), (ii) opacity source, and (iii) dominant nucledheir stationary nuclear burning phases (e.g. Tuchman & Truran
reaction rates. 1998).

In this way, the same formalism can be applied to shell- These relations are known to be quite different for RGB
burning stars of various metallicities and in different evolutiorand TP-AGB stars, and also vary among stars in the same evo-
ary phases. In particular, we present some applications cbnionary stage but with different envelope chemical composi-
cerning the luminosity evolution of RGB and AGB stars withion. In view of interpreting these differences as the effect of
different chemical compositions, including the case of initiaifferent physical conditions, it would be advisable to derive
zero metallicity. It turns out that homology predictions providguantitatively the dependence of the quiescent luminosity of a
agood approximation to the results of stellar model calculatioggant (RGB and TP-AGB) star on basic quantities, namely: core

Therefore, the proposed formalism is useful to understanthssM., core radiusk., and chemical composition.
the possible differences in the luminosity evolution of shell- To this aim, we adopt the same formalism as fully described
burning stars within a unified interpretative framework, and camRefsdal & Weigert (1970), which is based on the use of homol-
be as well adopted to improve the analytical description of stellagy relations applied to the case of stars with high-density cores
properties in synthetic models. surrounded by nuclear burning shell(s). The authors demon-

strated, for instance, that for low values of the core mass (i.e.
Key words: stars: evolution — stars: fundamental parametersh,. < 0.45M) and negligible radiation pressure (i@~ 1)
stars: interiors — stars: late-type — stars: AGB and post-AGBhe luminosity is expected to depend on the envelope mean
stars: neutron molecular weight ad. « 1”8, Such theoretical prediction
is found to describe extremely well the significant composition
dependence of the luminosity of low-mass stars evolving along
the RGB, as shown by calculations of full stellar models (e.g.
Boothroyd & Sackmann 1988; see also Sect. 3.1). However, the
results of Refsdal & Weigert (1970) cannot be straightforwardly
Itis well known that the quiescent luminosity of a shell-burningxtended to the case of stars evolving through the AGB phase,
star with degenerate core is essentially determined by its céiece the conditior? ~ 1 is generally not fulfilled, due to the
mass, without any dependence on the envelope mass, asigeasing importance of radiation pressure.
tensively described in several works carried out in the past Therefore, our target is to generalize the formalism devel-
(e.g. Eggleton 1967; Pacagki 1970; Tuchman et al. 1983).0ped by Refsdal & Weigert (1970) for any value ®fin the
This property is usually referred to as the core mass-luminosignge(0, 1). To do this, we follow the indications suggested by

(M. — L) relation, although other structural parameters magippenhahn (1981), who first pointed out that the quite differ-
affect the luminosity evolution, as indicated in the following. €nt M. — L relations for RGB and AGB stars are indeed the

1. Motivation of the work
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expression of a unique relation modulated by the variatigh of for the p-p chain,{ = 2, v ~ 14 =+ 20) for the CNO-cycle,
However, as Kippenhahn (1981) explicitly derived the depef: = 3, v ~ 22) for the tripleca-reaction.

dence of the luminosity only oh. andR.., in this work we will The parameterk, is related to the opacity, which can be
extend the same kind of analysis to the composition dependesgpressed:

as a function of3. In this way, we can predict to which extent arrb

the chemical properties of AGB stars (with< 1) may affect * = fol”*T (3)

their M. — L relation (see Sec.3.2, andl3.3). with the exponents andb depending on the dominating opacity

~ Moreover, given the generality of the method, we can alggyrce. Note that in the caseis mostly due to the Thomson
investigate the sensitiveness of the — L relation to the dom-  gjectron scattering«(= 0.2(1+ X ) without any dependence on
inant nuclear energy source operating the H-burning shell, igessure and temperature), we ggt= 1 + X, anda = b = 0.

the degree of temperature dependence of the relevant reactionrhen, adopting the homology relations presented in Refsdal

rates. This will turn out to be significant in view of interpreting, \neigert (1970) we can express the luminosity as a power-law

the peculiar luminosity evolution of RGB stars with initial zeropg|ation:

metallicity, where the p-p chain (not the CNO cycle as is usually

the case) provides most of the stellar energy (see[Sact. 3.1).L oc M2 R % kel (4)
Finally, we invite the reader to refer to the works by REsz\K/hich under the assumptions of a fully ionized gas, with elec-

dal & Weigert (1970) and Kippenhahn (1981) for a full under- ' '

. ) N . .~ tron scattering opacity, can be written:
standing of the analytical derivation, since many details will be g opacity

omitted here to avoid redundant repetitions and lengthy demon- 5 s 4 Lk s s
strations. However, the basic steps will be indicated in the néxtx Mc' .2 (5X+3—Z> 1+ X)°(XZeno)  (5)
sections.
for dominanting CNO-cycle, or
2. The analytical method based on homology relations 4 53
. o . . L oc MJ' R2? () (1+X)%(X?)% (6)
We will describe in the following the analytical procedure 5X+3-2

adopted to derive the dependence of the luminosityonR., ¢, dominating p-p chain.

and chemical composition. The exponentsd(, i = 1, 5) are the unknown quantities to

Concerning this latter it can be seen, from the basic stelly yotermined. as a function 6f of the opacity parameters
structure equations, that the effect of the composition enters Sge b), and of th'e energy parameters ().

M. — Lrelation via three parameters (Refsdal & Weigert 1970; rhe composition dependence is the first being considered

Tuchman et al. 1983): here, for its particular relevance to the applications discussed in
1. the mean molecular weight the second part of this work (S€lct. 3). For the sake of complete-

2. the product of the abundances of the interacting nuclei ¢SS, the results for the dependencesifinand iz are then
volved in the nuclear burning of hydrogeg,= X2 (forthe DPriefly presented (Se¢t. 2.3).
p-p chain; X is the hydrogen abundance in mass fraction)
oreg = XZcNo (fOI’ the CNO-CyCle;ZCNO is the total 2.1. The dependence @n

abundance of CNO elements); ) o )
3. a factors, expressing the composition dependence of iH&e dependence @rcan be derived treatmg itas anindependent
parameter to express the homology relations:

opacityx.
The mean molecular weight explicitly appears only in the p(r/Re) o p
equation of state: T(r/R.) o pb
pT P(r/Rc) o p* ()
P=Pg+ Prox— 1
ot e, D Lo/r) x .

assuming that the total pressurg, is the sum of the contribu- Such expressions imply the assumption that’ = const. at

tions of the gas (supposed perfedt);, and of the radiation, each corresponding point (i.e/R. = r'/R.) of models with

Pg. The quantityg is defined as the ratiéc /P. For a fully  different core radii (i.eR. andR.). Herer denotes the radial

ionized gagu = 4/(5X + 3 — Z). coordinate of any point inside the region extending from the
The parametex is related to the rate of energy generatiopottom of the burning shelt, = R., upto a pointy = ro, where

by nuclear burning, which can be conveniently approximatedhe variables, P, andT have already significantly decreased,

as: and whereL, = L. Moreover, it is assumed that the other

) quantities (i.ep, T, P, L, €y, andkg) do not vary among models

at corresponding points.
with n andv being determined by the rates of the nuclear reac- The exponentsi, (33, 73, andds are the unknown param-
tions under consideration. Typical values are:= 2, v ~ 4) eters to be singled out. To this aim, we need to integrate the

€ = €Opn—lTvl/



P. Marigo: A unified formalism for the core mass-luminosity relations of shell-burning stars 619

equations of hydrostatic equilibrium, radiative transport, and More generally, Eq[{15) allows us to investigate the
energy generation, basing on the proportionality relations givdapendence of the luminosity in the whole rafige 5 < 1, so
in Egs. [7), and using the expressions of Hgs. (2) @hd (3) for tiat it is possible to set quantitative predictions both for RGB
rate of nuclear energy generation and opacity, respectively. ¥ars (withg ~ 1) and AGB stars (with3 < 1). The results
then derive: are displayed in Fi@l1, assumiag= b = 0, and characteristic
o values of the the parameterns, (v) corresponding to relevant
P(r/R.) < p . e .
b astavatds kinds of energy sources, as already indicated in Bkct. 2.

T°(r/Re) oc p* (8) From the inspection of the bottom-left panel of Fy. 1 the

L(r/R.) oc prostvhs, following features should be noticed:

Since there are four unknown quantities, one more relation is i

needed in order to close the system of Eids. (8). This is given by !N the cased = 1 and dominant CNO cycle, the exponent
the equation of state (EGJ(1)), which should be expressed in a%3 ~ 7, which well reproduces the-dependence of the
more suitable form fully expliciting its dependence 6nFor luminosity for RGB stars as indicated by calculations of
this purpose, we must consider thats a function of density, ~ Stellar models (Boothroyd & Sackmann 1988);
temperatureandmolecular weight. We can then derive the three~ N the cased = 1 and dominant p-p chain, we géf ~ 4,
dependences as follows. As indicated by Kippenhahn (1981) i-€- & weakep.-dependence;

the logarithmic derivatives of with respect to the density and — /" @ny case, fog ~ 0 the y-dependence vanishes as ex-
temperature are: pected when the gas pressure goes to zero;

— In the case3 ~ 0.5 — 0.8, which are typical values found
9Inp —1_ 9Inp — _a(1_ in low-mass AGB stars, and dominating CNO-cycle, the
1-8, 3(1— 7). 9) . - o .
Olnp ) r, olmT) . dependence is not at all negligible. Specifically, it results

Similarly, we can make a step ahead and derive also the logarith-93 ~ 1 = 3, @ range which is consistent with the finding

mic derivative of3 with respect to the mean molecular weight: 2Y Boothroyd & Sackmann (1988) (i.& o p”) in their
o1 analysis of low-mass (hence with larg&rAGB stars.
( nﬁ) 41 (10)
T.p

Olnp

2.2. The dependence emandxg

Hence, the equation of state can be re-written: . . . .
In an analogous way as described in the previous section, we

P o pBpPTi—38, (11)  aim now at deriving the dependence of the luminosity on bgth

Note that in the limiting cases = 1 and3 = 0, we obtain the andky, already defined in SeEl. 2. We first write the homology

right thermodynamical dependence of the total pressure Wﬁgh’;mons:
due to the sole contribution of gas and radiation, respectively. It
should also be remarked that Hq(11) is expected to apply f8f7/Fc) o KG*€q®
all r/R.. However, since pressure changes by several orderpof- /R, ) ,154 egs
magnltudes_throughout the shell and radiative bufferabove,_ 'tﬁ’?r/RC) & kIl (16)
far from obvious that Eq[(11) does apply throughout the region. 84 s
In fact it does, for two reasons: (1) in RGB stars becatisel, L{r/Re) o< Ko'ey
and (2) in AGB stars becaugss constant throughout the shell
and sub-convective layers (“radiative zero” condition). assuming that the functions,(r/R.) andeo(r/R.) scale up
At this point, all the necessary information is availabld?y @ constant factor at corresponding points of models with

Comparing the exponents of EdS. (1), (811(11), we can soldiferent core radii.

the system of 4 algebraic equations in the unknowns, 73, Then, integrating the basic stellar equations, expressing the
andds, yielding: total pressuré as in Eq.[(T]Ll), comparing the exponents relative
to the four variablep, T', P and L, and solving the system of 8
as = — plv+b-4) (12) algebraic equations, we finally derive the 8 parameters:
Wrb—9(A-B)+ (T +atn)(d-35)
B B(l+a+n) o — (4-3p) 17)
b= =D =f + (1 +arn)d—35) @3 M= W =)@ -8 - L +atn)d-35)
N = (14) Q5 = Y4 =75 = 04 (18)
By = = 1-5) 19)
5y = Blr(l+a+n)—n(v+b—4) . (15) (4-b—v)(1-B)—(1+a+n)(4—33)
wv+b—4)1-8)+1+a+n)(4d—30) 5 n(4—38) +v(l—f) (20)
Itis worth noticing thatfop = 1we getexactly the sameresults (4 —b—v)(1 — ) — (1 +a +n)(4 — 30)
as given by Refsdal & Weigert (1970) (see their Egs. (27) and n(4—38) +v(l - pB)
Sect. Il d)), as expected. 05 = 1+ - (21)

4d-b—v)1-0)—(1+a+n)4—35)
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Again, for 3 = 1 the above equations yield the same resulBor the sake of conciseness, we report here only the results
as in Refsdal & Weigert (1970), but now accounting for anfpr §;, andd, (see also Figll, top-left and top-right panels,

possible value of. respectively):
Concerning the exponents related to the luminositynd 4—38) — n(d—b) — (1
05, their predicted trends are illustrated in the bottom-right panal = na( 5) =l ) —v(1+af) , (23)
of Fig[d. We can notice that: 4-b-1)A-5)—(1+a+n)d-35)
and
— their effect on the luminosity is usually much weaker thaf, = BBn+3b+v=3) = (3+n)lb+al4 - 30)] (24)

that produced by, except for values of very close to zero; 4=b-v)(1 -0~ (A+a+n)4d-30)

— inthe relevant range gffor AGB stars, the predicted valuesomitting the formulas ford;, 5;, v:; ¢ = 1, 2). The above equa-
for 05 are in a rather good agreement with the results ipns ford; andds recover exactly those presented by Kippen-
Boothroyd & Sackmann (1988), who quotédoc Z2.04  hahn (1981) setting = b = 0, and those derived by Refsdal &
basing on their evolutionary calculations of AGB models;Weigert (1970) with3 = 1.

— in the cases ~ 0 anda = b = 0 we getd, ~ —1 and In brief, we can outline the following:
o5 ~ 0;

— both 4 andds do not vary significantly adopting different
values of the paramete#is b, v, andn, within a reasonable

range.

— 01 andd, show opposite trends with. However, it should
be recalled that, though?. and R, are formally treated as
independent parameters, & — R. relation is expected to
exist for highly condensed cores which may be assimilated
to white dwarf structures (Chandrasekhar 1939; Refsdal &
2.3. The dependences 8. and R, Weigert 1970; Tuchman et al. 1983). Considering the ho-
mology dependences of the luminosity only bl andR,,
we get the differential equation (see Eq. 15 in Kippenhahn
1981):

dln L dln R,
L oc M2'R2.. (22) L 01 + 02 ¥ dIn L (25)

In a similar fashion, we can also derive the dependences of the
luminosity onM, and R,
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Fig. 2.Left-hand side panel: Evolutionary tracks up to the He-flashigfilmodels with different initial metallicities (i.Z =0.030, 0.019,0.008,
0.004, 0.001, 0.0004 from right to left; taken from Girardi et al. 2000) (thin lines), and zero metallicity (thick line; Marigo et al. 2000, in
preparation). Right-hand side panel: luminosity and core mass on the RGB tip/gfhodels as a function of metallicity.

wheredln R./dIn M. is the slope of thé/. — R. relation. 3. the slope of thé//. — L relation on the RGB is flatter for
In other words, the quantiys x d1n R./d In M, represents Z = 0 models than foZ + 0 models.

the dependence on the core massRi@)M.). This can be
estimated from EqL(25), e.g. taking the right-hand side fro
the results of stellar models, and evaluatagndd, from
the homology relations.

As for p, the dependence Qi grows at increasing. For

B ~ 1, we get typical relationd, o« M7 for dominant
CNO-cycle, andl « M for dominant p-p chain. Again,
the former prediction very well agrees with the results of = (11.6M.j)7 Z1/!? (26)

Zvcsjlutli(onary Sltgggr (_:rar:cul?ftions fOf RGE;te(ljrs (B%Othroyalhich is a fitting formula of evolutionary calculations for RGB
ackmann )- Thee eqto aweakkr-0ependence o, ¢ yith different metallicities (masses and luminosities are in
predicted in the latter case will be investigated in Sect. 3.1, units)

!n both cases, ~ 7 andd; ~ 4), the Ium|n05|ty shoulq be. The check the reliability of homology predictions, we first
just moderately affected by changes in the core radius, 'c%mpute the exponends andds with the aid of Eqs[(23) and

fche pr_OdIL:Ctléz * dgn RC/‘_lhlfM°| (calculated with EqL(25)) (15), and compare them with those given in Eg] (26). To do this,
IS typically -esst an unity fog ~ 1. . 0, the opacity parameters, and the energy parameters should
At.decreasmg3 the dependence aW. quickly approaches be specified. We set — 1 — which is proved to be a good

a Imea;onec(l - 1hfor B :fO), whereas tr:{e deptaInQence OIApproximation for all RGB models here considered —, @ard

R, tends to vanish, = 0 for § = 0). This result is con- b = 0 —for the sake of simplicity. The adoption of more proper

sistent with the typical flatter slopes (1 — 2) of the fitting alues fora andb would result in very small corrections, as
M. — L relations derived from evolutionary calculations oﬁointed out by Refsdal & Weigert (1970)

AGB stars.

The first point clearly confirms that the luminosity is not solely a
Finction of the core mass. To better interpret the above trends we
can make use of the analytical relations obtained in the previous
sections.

Let us consider th@/. — L relation presented by Boothroyd
& Sackmann (1988)

The choice of the energy parameters requires some com-
ments. It turns out that the bulk of energy produced in the H-

3. Some applications burning shell is provided by the CNO-cycle for bdth/, RGB
) models withZ = 0.019 andZ = 0.0004, whereas energy pro-

3.1. TheM, — L relation on the RGB: duction is dominated by the p-p chain in th&/,, RGB model

the zero-metallicity case with Z = 0. It follows that typical valuesi( = 2, v = 14 — 16)

Evolutionary calculations of low-mass models (see Fis. 2 afiid (¢ = 2, = 4—6) should be adopted in the two cases, yield-

1.

2.

@) indicate that ingd; ~ 63 ~ 7—8andd; ~ d3 ~ 4.0 — 4.7 for RGB models

in which the CNO cycle and p-p chain dominates, respectively.
towards lower metallicities and for given stellar mass the The predictions for the former case (CNO dominated) are in
luminosity at the tip of the RGB decreases, whereas tegcellent agreement with E@.(26), thus reproducing the results
core mass increases; of complete stellar calculations of RGB stars with dominating
at decreasing metallicity the luminosity on the RGB is low&NO cycle. Moreover, it is worth remarking that points (1) and
for given core mass; and (2) — mentioned at the beginning of this section — are explained
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mology relations are shown as solid lines. See text
for further explanation.

as the effect of differences in the mean molecular weight, i22. The composition dependencel@f — L relation
for given M. and loweru, L is lower. on the TP-AGB phase

The predictions for the latter case (p-p dominated) fully ex- . . e
plain point (3). In fact, the weaker temperature dependenceL us now apply the relations derived in Seicig 2.1[antl 2.2 to

p-p reactions results in a flatter slope of the M, — log I re- -AGB stars, in order to estimate the degree of dependence of

: L ... the quiescent luminosity on envelope composition.
lation foI!O\_Ned by_ the W/ model with initial zero metallicity. First of all, we need to know how varies during the TP-
A good fit is obtained adopting

AGB evolution of a stellar model, so that we can directly obtain
L= (11.6 M u)**° (27) 63 from Eq.[15). To this aim, we make use of the definition of

with L and M. in solar units. This power-law relation has thé""d""‘t'\/e gradient:

same base as in Ef.{26), but a different exponent, derived un-
der the assumption of dominating p-p reactions with energdy, =
parametersi{ = 2, v ~ 5.6). Taking foru the value after the
first dredge-up as indicated by the calculations by Girardi et : -
al. (2000), and lettingZ. vary over the relevant range, we ﬁ_WIth usual meaning of the quantities. In the context of the present

nally obtain the relation shown in Figl. 3, which remarkably weELuecf?/’otrhi rig/lgllecn?rdtlcr)]?:rféerziﬁ t::at:)&gfgggoljﬁb;frgggra-
matches the evolutionary results at initial zero metallicity. €4 Y, P

To summarise the conclusions, we can notice thatgfer diative inert region (extending up to the base of the convec-

1, themean molecular weightetermines the luminosity leveltleiwemt/r?(Ieo(F))ez)iciTe;gé‘éﬂmﬁ;;?egesrlyrﬁ(?r?]zf:teIi?:?r:r?:i:ittt(;r
of the M. — L relation (i.e. theinterceptin logarithmic plot) /Me, pacity y

for RGB models with similar energy properties, whereas thed: €. r = 0-2(X +1), and the radiative gradient., ap-

ki of clar energyscafects h e of he geomei 5 78 T et wave 1025 (e o peerce
increment of the luminosity with the core mass (i.e. shape ' X ' 9

4 —1 i
of thelog M. — log L relation). The latter point explains theP"/TSTMO( (1 —fﬁ) l’W.e ca_r: expr((ajsf ‘Zs afunct:)on zf thceéqore
fact that thdog M, — log L relations of thel M models with stenvglsu;'ace uminosity, and hydrogen abundancein
Z = 0.019 and Z = 0.0004 are almost parallel, whereas the pe:
relation forZ = 0 runs flatter.

3 L P,
167acG " M, T4

(28)

L/Le

1 -6
3 = 1-7.956 x 10 (1+X)MC/M@'

(29)
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Fig.[d illustrates the results of synthetic calculations for threke full-amplitude regime is attained. This trend simply reflects
TP-AGB models with original solar composition. The evolutiothe rate of increase of the radiation pressure ({.decreases)
of the quiescent luminosity (top-left panel) is computed accorduring the evolution (bottom-left panel of Fid. 4). Therefore, we
ing to the prescription presented by Wagenhuber & Groenewesuld expect that, if an efficient dredge-up occurs quite early
gen (1998). This gives an accurate fit to the results of extensiring the TP-AGB evolution, the increase of the mean molec-
full evolutionary calculations of the TP-AGB phase (Wagenhudar weight could alter the asymptotic approach towards the full
ber 1996), expressing the quiescent luminosity as a functionamfiplitude regime, as otherwise expected for unchanged chemi-
the core mass, from the first thermal pulse. cal composition. As already suggested by Marigo et al. (1999),
Then, onces is evaluated with the aid of Eq.{R9) for currenthis prediction, in combination with additional effects, may con-
values ofL and M. (top-left panel), the composition parameeur to explain the recent results by Herwig et al. (1998), who
tersds (Eq[1B),64 (Eql20), andis (Eq[21) can be calculatedfind a steeper increase of the luminosity in stellar models with
(right panels). In other words, we are able to predict the curremttremely efficient dredge-up (with ~ 1 and larger) already
composition dependence of the quiescent luminosity as the $tam the first thermal pulses.
evolves on the TP-AGB. Another point to be remarked is that any change in the en-
These simple synthetic calculations are meant to be indicg@lope composition is expected to produce a certain feed-back
tive examples, showing the expected sensitiveness of the luon-the luminosity, in addition to the direct effect already dis-
nosity to possible changes in the surface chemical compositmrssed. In fact, a variatioAy > 0 producesAL > 0, since
during the evolution caused, for instance, by convective dredge-is always positive (we do not consider here the extreme case
up episodes. For the sake of simplicity, these events are assumed 0 for which 63 = 0). At the same time, we getl’ > 0
not to occur in the cases under consideration, to avoid the ccemd 0P < 0 (asf; > 0 and~y; < 0), both causingg < 0
plication due to feed-back effects. We will discuss this poirind AL < 0. In other words, the effective increase bfdue
below in this section. to an increment of: is somewhat reduced with respect to that
Aninteresting point to be noticed in Fig. 4 is that the compdalirectly predicted by Eq_(15). Similar effects are produced by
sition dependence is quite strong during the initial (and fainterriations of the other two composition parametegsandxg
part of the TP-AGB phase (e.f; ~ 5 — 6 in the first stages of (see also Sect. Il g) in Refsdal & Weigert 1970).
the model with the lowest core mass), then becoming weaker as
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Fig.5. Surface and energy properties of
AGB models with initial zero metallicity and
masses of 2.8/ (left-hand side panels),
and 5.0M, (right-hand side panels), since
the first appearance of the He-shell thermal
instabilities. The fractional contributions of
shell nuclear burnings to the surface lumi-
nosity (Lu /L andLy. /L) are displayed, to-
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In conclusion, as already suggested by Kippenhahn (19&l)jimoto et al. (1984; see also Chieffi & Tornaenb984, and
and confirmed by stellar evolutionary calculations (see, for iDominguez et al. 1999) that the occurrence of thermal pulses in
stance Boothroyd & Sackmann 1988), we quantitatively demarero-metallicity AGB stars is critically dependent on the core
strate that the composition dependence of the luminosity of TiRass and abundance of CNO elements in the envelope. To this
AGB stars is weaker than for RGB stars (due to the increasiregpect, a detailed discussion of our zero-metallicity models is
importance of the radiation pressure). However, non-negligitd&en in Marigo et al. (2000, in preparation) and will not be
effects on the luminosity can be driven by significant variatiomepeated here.
of the mean molecular weight, either related to originally dif- What we simply aim to do in this work is to test whether the
ferent chemical compositions, or caused by the third dredge-tpmology predictions presented in SEtt. 2 are able to account
The occurrence of the latter process already since the first tHer-the quite different trends in the surface properties of the two
mal pulses could significantly affect the luminosity evolutiom@AGB models here considered. In fact, as we can notice from the
in particular, of low-mass TP-AGB stars (with largg Finally, top panels of Fid.[5, the B/, model is climbing the AGB at in-
we remark that the relations presented in SEcté. 2.1 ahd 2.2 carasing luminosities (and decreasing effective temperatures),
be usefully employed to improve the analytical description @fhereas the 2.3/, model is clearly evolving downward on
the luminosity evolution in synthetic AGB models. its Hayashi track. Moreover, in both cases the p-p chain is neg-
ligibly contributing to the nuclear energy generated within the
H-shell (Lpp/Lu < 107%), i.e. the CNO-cycle is the dominant
energy source. We also report that the third dredge-up is never
The last application refers to the TP-AGB phase of stars withund to occur in these models up to the moment at which the
initial zero metallicity. In Figlb we show the time evolution ofcalculations were stopped.
the surface propertied.(andT.g) and of the contributions of ~ Onceg is estimated with the aid of Eq_{29), the exponents
the nuclear energy sources (He- and H-burning shells) for t4§ §,, andd5; can be calculated assuming= b = 0, and
AGB models of different masses (203, and 5.0M//), taken (n = 2, v = 14), the latter being suitable for dominant CNO
from Marigo et al. (2000, in preparation). cycle. The luminosity is then derived from Efl (5), taking the

As we can see from Fifll 5, the 2, experiences weak values of the core mass and composition factarsX, and
luminosity fluctuations instead of “normal” thermal pulsesZcno) from selected models of the 2/, and 5M,, stars
whereas the 8/ model shows the occurrence of rather strongee Fig$.16 arld 7). It turns out that in both cases the trend in the
He-shell flashes. Actually, it has already been pointed out by

3.3. The case of zero-metallicity AGB stars
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Fig. 6. Time behaviour of relevant quanti-
ties characterising the evolution of 23,
AGB model, namely: the gas pressure over
total pressure ratiod), and the mass coordi-
nate (M.) at the top of the H-burning shell;
the mean molecular weight in the envelope
(n); the abundances (by number) of CNO
elements Zcno) and hydrogen X), and
the temperaturéel(y.n) at the point of max-
imum energy production in the H-burning
shell. The “true” stellar luminosity predicted
by full stellar models is compared to that
obtained from homology relations (arbitrar-
ily shifted by a constant on the logarithmic
axis).

Fig.7. The same as in Figl6, but for the
(5 Mg, Z = 0) model. The quantities are

shown at the stage of the maximum qui-
escent luminosity immediately preceding a
thermal pulse.
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luminosity evolution predicted by stellar evolutionary calcula- The case of zero-metallicity giant stars is also investigated.
tions is satisfactorily reproduced by homology relations. We show that the particular luminosity evolution of RGB stars

In particular, the oscillating behaviour in the surface lumiwith Z = 0 can be very well explained by considering not only
nosity of the 2.5M, model shows up in correspondence witthe dependence on the mean molecular weight, but also the
that of 8, which presents a mirror-like trend. The average ikind of dominant nuclear energy source (i.e. the p-p reactions).
crease ofs actually determines the long-term decrease of the INtoreover, a good reproduction of the luminosity trend of AGB
minosity, despite of the progressive increment of the core massdels with initial zero metallicity is obtained.
Moreover, it is interesting to notice that, in the regime of os- Finally, it is worth remarking that the analytical prescrip-
cillating luminosity, the total abundance of CNO elements tions presented in this work could be usefully employed in syn-
at the point of maximum nuclear energy efficiency in the Hhetic evolution models to improve them in accuracy, and to
burning shell — also presents clear fluctuations, reflecting a sitest the effects of different physical conditions, i.e. dominant
ilar trend in the temperature at the same mesh-point. To thigclear reaction rates, opacity source, relative contributions of
regard, it should be remarked that although for this model thas/radiation to the total pressure, and chemical composition.
CNO abundance in the envelope is zero (as it is not changed
by any dredge-up episode), the CNO catalysts in the H-burnify nowledgemgntd.like to thank L. Girardi for his careful reading
shell are self-produced, starting from the synthesis of prima‘?ﬁhe manuscript and usef_ul comments, and the anonymous referee
12C via the triplea-reaction, operating at typical shell tempert rimportant remarks on this work.
atures.

The increase with time of the pre-flash maximum luminofeferences

ity In the > Mg model is .also well re.pmduced by hom.°|°g¥3|bcker T., Schnberner D., 1991, AQA 244, 43
predictions, being gssentlally determ'lned by the rate of mcreaBso%throyd A.l., Sackmann 1.-J., 1988, ApJ 328, 632
of the core mass_. Fma”y_’ we can thlce that, contrary to the %ﬁandrasekhar S., 1939, An Introduction to the Study of Stellar Struc-
Mg model, in this casg is decreasing. ture. The University of Chicago Press, Chicago
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and AGB), with different chemical compositions, and diﬁererﬁggzti‘m Q'P'éﬁgfggmfﬁslﬁ’ %;AS 193, 241
nuc_ll_ehaer ?er}?zargi)llitilogﬁﬁiss; formalism is tested through sever irardi L., Bressan A., Bertelli G., Chiosi C., 2000, A&AS 141, 317

. . 6}-|erwig F., Sclhnberner D., Bdcker T, 1998, A&A 340, L43

consistency _check_s. Fl_rst_, we are able to ggt_ exac'FIy the samg, 1., Truran J.W., 1978, ApJ 220, 980
formulas as in earlier similar works for specific choices of thejphennann R., 1981, A&A 102, 293
parameters, e.g. Refsdal & Weigert (1970) for= 1. Second, Mmarigo P., Girardi L., Weiss A., Groenewegen M.A.T., 1999, A&A
our predictions are found to be in good agreement with some 351, 161
basic results of complete stellar calculations. In particular, Baczyski B., 1970, Acta Astron. 20, 47
far as the composition dependence of g — L relation is Refsdal S., Weigert A., 1970, A&A 6, 426
concerned, we recover the finding of evolutionary calculatio®§alo J.M., Despain K.H., Ulrich R.K., 1975, ApJ 196, 805
that I o N7 for RGB stars withZ.,, > 0, andL o MS for Sujimoto M.Y., Iben I., Chieffi A., TornambA., 1984, ApJ 287, 749

AGB stars with0.5M, < M. < 0.7M, (e.g. Boothroyd & Iuchman. Truran J.W., 1998, ApJ 503, 381

Sackmann 1988). Moreover, according to our results, the pichman Y., Glasner A., Barkat Z., 1983, ApJ 268, 356

. . L ssiliadis E., Wood P.R., 1994, ApJS 92, 125
fect on the luminosity of TP-AGB stars produced by S|gn|f|car\1/€agenhuber 3., 1996, Ph.D. Thesis, Tuiéhen

composition changes should be larger in the case of IOW'm@%genhuberJ. Groenewegen M.A.T., 1998, A&A 340, 183
stars that experience the third dredge-up after the first therfp@loq p.R ., Zarro D.M., 1981, ApJ 247, 247 ’

pulses.

4. Concluding remarks
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