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Abstract. In this paper we present models for Single Stellar Populati®®&P6) of intermediate and old ages where dust
enshrouded Asymptotic Giant Branch (AGB) stars are introduced. As long known AGB stars are surrounded by dust-rich shells
of matter caused by their own stellar wind, which absorb the radiation coming from the central object and re-emit it in the far
infrared (IR). To this aim, particular care is devoted to follow the evolution of the AGB stars throughout the quiet and thermally
pulsing regimes, to evaluate thé&ext of self contamination in the outermost layers by the third dredge-up mechanism, to
follow the transition from oxygen-rich to carbon-rich objects (as appropriate to their initial mass and chemical composition),
and finally to estimate thefféciency of mass-loss by stellar winds, all aspects that concur to the formation and properties of the
dusty shells around. In addition to this, accurate physical models of the dusty shells are presented in which the re-processing of
radiation from the central stars is calculated by solving the radiative transfer equations in presence of dust parfieesnof di
chemical composition. The resulting spectral energy distribution (SED) is examined to show how important features, like the
10um Si-O stretching mode feature and the rh SiC feature, evolve with time. The SEDs are then convolved with the IRAS
filters to obtain the flux in various pass-bands, i.e. 12, 25 andré0for individual AGB stars of dferent mass, chemical
composition, and age. The comparison is made by means of SSPs along which AGB stars of the same fégrebuinitial

masses are located. This allows us to explore the whole range of masses and ages spanned by AGB stars. The theoretical results
are compared to the observational data for selected groups of stars. The same is madé, fdr Kel pass-bands of the
Johnson system. Finally, from the integrated SEDs of38€s, we derive the integrateshfisonJ, H, K, L magnitudes and

colors to be compared to infrared data for star clusters of the Magellanic Clouds. In general good agreement with the data is
possible if the &ects of the circumstellar shells of dust are taken into account.
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1. Introduction as a whole is hidden in the UV-optical and IR ranges of

the spectral energy distribution, thus spurring cross-correlated

The first all-sky survey at far-IR wavelengths carried oWt i . U
. . . udies of the two regions. Many wide-field and all-sky sur-
in 1983 by the Infrared Astronomical Satellite (IRAS) ha§, ¢ 4o currently running or have been just completed,

opened a new era of modern infrared astronomy. Thousa . the Galaxy Evolution Explorer [GALEX] (Martin et al.

of galaxies were detected to emit most of their light in the IFi‘éQ?) and the Sloan Digital Sky Survey [SDSS] (York et al.
After IRAS, a long series of observations were started to ©%900) in the UV-optical range; the Two Micron All-Sky

plotre thebIRkUnlverdsedllgBthe C?BE aII-sI;y_ Tr?p? aug'grgurvey [2MASS] (Skrutskie et al. 1997) and the Deep Near-
ISotropic backgroun ( )Wa$ Jiscoveredin the a;s " Infrared Survey of the Southern Sky [DENIS] (Epchtein et al.
mm speciral regions, whose origin is nowadays atiributed f@97) in the near infrared. Combined with other astronomi-

the integrated emission by dust in primeval galaxies absorbiggI databases, they provide a huge amount of UV-optical and

e fiear IR photometric data for millions of galaxies. In particu-
lengths (Puget et al. 1996). For the first time, the Infrared Spa} ? the observational information in the infrared will further

Observatory (ISO) surveyed and detected distant galaxies in Sw with the new surveys SIRTF (Space Infrared Telescope

mid- and far-IR, allowing us to know in detail their emission i acility, seehttp://sirtf.caltech.edu/SSC/), UKIDSS
those specral regions (Elbaz et al. 1999). (the successor of 2MASS, séatp://www.ukidss.org/)

It became soon clear that precious information on tig,y it the advent of the Next Generation Space Telescope
star formation history (SFH) of galaxies and the Un'Vers(?\lGST/JWST).

Send gfprint requests toL. Piovan, This wealth of data must be accompanied by a continu-
e-mail:piovan@pd.astro.it ous upgrade of the basic theoretical tools to fully exploit any
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information on the physical properties of the observed objects. There are several causes hampering detailed studies of the
In particular, to understand the role played by dust as strosgpject:
IR emitter is mandatory. The key instruments for photometric (i) first of all, theoretical spectra of oxygen-rich (O-stars)
studies are the SSPs, the building blocks of the assembliegoél carbon-rich (C-stars) AGB stars, surrounded by shells of
stars of dfferent complexity going from star clusters to galaxnatter and even of simple AGB stars are not available. Only
ies, and the fundamentals of population synthesis techniquasipirical spectra are to our disposal. This is an obvious dif-
An SSP is defined as a coeval, chemically homogeneous asskenity for any fully theoretical analysis of the problem. The
bly of stars all contributing to build up the integrated SED ispectra of AGB stars of any type are particularlyfidult to
a way proportional to the duration of their evolutionary phasebtain because of the many parameters entering the problem,
luminosity and relative number (the luminosity function), im.e. the spectrum of the inner stellar source, the optical depth
other words according to the precepts of Fuel Consumptifkey parameter of the radiative transfer problem to be solved to
Theorem (Tinsley 1980; Renzini & Buzzoni 1983). follow the propagation of radiation throughout the dusty shell),
Let us shortly summarize here the various steps by whiahd the properties of dust grains in the shell. These latter de-
the theoretical SED of an SSP is derived, (a) given an age, fiend on the optical depth in such a way that we hatkeint
corresponding isochrone in the HRD is divided in elementabmpositions for dierent optical depths and of course passing
intervals small enough to assure that the luminosity, gravifygpm O-stars to C-stars.
andTeg in them are nearly constant (the isochrone is approxi- (ii) Second, for long time SSPs have been developed to in-
mated to series of virtual stars, for each of which we know therpret observational data in the optical range of the spectrum.
spectrum); (b) in each elemental interval the star mass spar@rdy recently the wealthy of data in the IR have spurred several
suitable rang&M fixed by the evolutionary rate, therefore thegroups to develop suitable SSPs extending to the far infrared.
number of stars per elemental interval is proportional to the ifthe study of Bressan et al. (1998), despite severe limitations
tegral of the initial mass function (IMF) over the rang®l (the such as the use of giant spectra to model the radiative trans-
differential luminosity function); (c) finally, the contribution toport in O-stars and C-stars, the lack of the transition between
the flux at each wavelength of the spectrum by each elemer@astars and C-stars, and the crude treatment of the dust compo-
interval is weighed on the number of stars in it and their lsition, has opened the way to a new generation of SSPs in the
minosity. To conclude, basic ingredients of the SSP SEDs diae IR. Mouhcine & Lanon (2002) and Mouhcine (2002) have
the isochrones and their path in HRD (in turn functions of thienproved the situation including appropriate models for the
initial chemical composition), the IMF, and a library of stelAGB phase, the transition between O-stars and C-stars, and an
lar spectra for dferent values off, gravity, and chemical empirical library of spectra of long period variables (LPV) as
composition. input for the circumstellar shells. It is important to remind here
With a few exceptions to be mentioned later, the light emithat while Bressan et al. (1998) made use of purely theoreti-
ted by SSPs is modeled neglecting the presence of dust arocaldspectra, Mouhcine & Laion (2002) and Mouhcine (2002)
their stars (e.g. Bertelli et al. 1994; Tantalo 1998; Girardi et dlave adopted an empirical library of spectra of AGB stars, so
2002). However, there are at least two situations in which dukat part of their results is implicit in this initial assumption.
is present: the very initial stages when stars are born embed-Aim of this study is to go further along the theoretical
ded in molecular clouds, and the late stages of AGB stars wHire of work and to generate modern integrated SEDs of SSPs
dusty envelopes are formed. In this study we will concentratgat: (i) extend to the far IR; (ii) include more updated mod-
on the AGB stars leaving to a forthcoming paper the case @ of AGB stars; (iii) allow for the metallicity dependence and
young stars. finally (iv) include an accurate modelling of the shells of dust
The dust shells surrounding AGB stars are the result s@irrounding these stars, thus improving upon the emission in
mass-loss by stellar winds and the complex structure and ethee IR spectral region. We will follow a purely theoretical ap-
lution of these stars during the thermally pulsing AGB phagoach as in Bressan et al. (1998) and will try to include a de-
(TP-AGB). They trap the radiation coming from the centrahiled treatment of the circumstellar dusty shells and of the tran-
AGB star and re-emit it in the far IR (see Habing 1996, faition from O- to C-stars. It is clear that the theoretical spectra
a classical review of this topic). The contribution to the IR raef M giant stars are not as good as the empirical ones (they
diation by the dusty shells of AGB stars is particularly relevatan indeed be applied only to the case of unobscured O- and
because AGB stars are luminous objects able to significan@lystars). However, we will insist on the purely theoretical ap-
affect the integrated SED of star clusters and galaxies. proach in order to establish how far current theory can go in
A great deal of studies have been devoted to model the dirterpreting and reproducing the observational data.
cumstellar shells around AGB stars and to understand in detail This paper is organized in the following way. In Sect. 2
important properties of the shell structure, such as the compee present the model for the envelope of AGB stars, describe
sition of the dust grains, the dust-to-gas ratio, the expansion #ee assumptions for the radiative transfer problem, and calcu-
locity of the matter, and the mass-loss rates (cf. Habing 199kte an expression for the optical depth, the key parameter of
However, only an handful of studies have tried to include tttbe radiative transfer equations, and its dependence on basic
effect of the dust shells surrounding AGB stars on the intstellar parameters such as the star midssadiusR, effective
grated SEDs of SSPs: the pioneer paper by Bressan et al. (19688)peraturé ¢, luminosity L, pulsation period®, and metal
and the recent series of three articles by Mouhcine & banccontentZ. In Sect. 3 we briefly summarize the prescription we
(2002); Lanon & Mouhcine (2002) and Mouhcine (2002). have adopted for the mass-loss rates of AGB stars. In Sect. 4,
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we discuss in detail the optical properties of dusty AGB shellwhere
As a matter of fact, the dust absorption ffazents are dferent
for O-stars and C-stars, and even for the same type of stars, dif-
ferent optical depths may imply fiiérent properties. In Sect. 5
we present our choice for the parameters governing the dusty
shells of AGB stars, i.e, the temperature on the inner boundary,
the density profile across the shells, and the type and mixture of
grains. In Sect. 6 we try to discuss and evaluate the uncertainty
affecting the models of the dust shells and how this would ra&s demonstrated by Rowan-Robinson (1980) and Ivezic &
flect onto the SED of the SSPs with particular attention to ti®itzur (1995, 1997), only two dimensional scales are involved
IR range. In Sect. 7 we define the monochromatic flux emittédl the radiative transfer equation becausendS, have the
by a SSP, summarize the assumption for the initial mass fuiimension of an intensity, where&s and| have the dimen-
tion and the rates of mass-loss from stars that we have adopgsh of a lengthK, is the inverse of a length). Therefore, any
report on the libraries of stellar models, isochrones and stelgitysical quantity related to the radiative transfer problem can
spectra with aid of which we have calculated our SSPs, andide expressed as functions of these two scales.
nally discuss in detail the problem of the transition between Defining the dimensionless element of optical depth along
O-stars and C-stars AGB stars and how this is incorporatg@ ray path Has dr; = k; (1) dl, we can write Eq. (1) as
in our SSPs. In particular we describe how we have includ 0
the recent models by Marigo et al. (1999) into the SSP mod =S;)-1,0). (2)
by Tantalo (1998). In Sect. 8 we present the SEDs of our new™*
SSPs that take thefect of dusty AGB shells into account andStarting from these simple considerations, Ivezic & Elitzur
compare our results with those for the standard SSPs (Tan{di897) have proved that the radiative transfer equation satis-
1998). In Sect. 9 we describe the integrated IRAS far IR cdles the property of scale invariance: the physical dimension
ors predicted by our models and compare them with the obsef-any system can be increased and decreased in an arbitrary
vational data for a sample of AGB stars (Mira, Semi-Regul&y without dfecting the radiative properties, as long as opti-
Variables, Long Period Variables, @IR stars and C-stars). Wecal depths and spatial variation of the opacity remain the same.
also derive the integrated near IR colors of the SSPs and colwo systems with dierent dimensions and absorption fibe
pare them with the data for a selected sample of young sgnts, but with the same total optical depths and auto-similar
clusters of the Magellanic Clouds. In addition to this, we exstributions of opacities andsburce functioriswill produce
amine the age dependence of the integrated near IR colorghefsame intensity of the radiation field.
SSPs from dferent sources, i.e. Bertelli et al. (1994); Tantalo Rowan-Robinson (1980) first applied the radiative transfer
(1998); Girardi et al. (2002); Mouhcine & Laan (2002); scale invariance to the IR emission of a central source sur-
Langn & Mouhcine (2002) and this study. Finally, some corrounded by a dust shell. Subsequently, Ivezic & Elitzur (1997)
cluding remarks are drawn in Sect. 10. presented a general formulation of the problem in arbitrary ge-
ometry and distribution of dust, and studied in detail the case
of a spherical shell of dust heated up by a central source. They
2. Modelling a dusty envelope also pointed out that the concept of scale invariance is partic-

The problem of radiative transfer in the dusty shells surrounlc!ilf”lrly “SefP' yvhep the .absorpt|on dtieient does not depend
ing the mass losing stars (AGB stars in particular) has be n the radiation intensity. Unfortunately, as a consequence of

addressed by many authors (see Habing 1996, and referent i<§s the analysis by Ivezic & Elitzur (1997) cannot be applied

therein). The most complete formulation of the problem cot@ emission or photoionization lines (where the absorption co-
cient can depend on the intensity of the radiation field via

ples the radiative transfer and hydro-dynamical equations fiﬁi ) ;
the motion of the two interacting fluids, gas and dust, and taHEEeﬁeCtS on the level populations) but only to the continuum

the interdependence between gas, dust and radiation presg Fge rgd|at|on coming from dust heatgd by_ a cent_ral Source.
into account. ast point to note is that when the shell is optically thin over all

Since our goal is to simply include theffects of the wavelengthsl, the approximation, ~ 0 may be used thus ob-

AGB star dusty shells on the spectra of SSPs, we will limit outr"Zlining a quick qnalyt?cal solqtion of the problem. In contrast,
selves to consider the problem of radiative transfer in the shvélﬁrir;;zz"?he" is optically thick the problem must be solved

. . . . . n
and will leave hydrodynamics aside. To this aim, we need ot In the following we apply the method, the results and the

link the fundamental parameters of a star, i.e. MasgadiusR, numerical code DUSTY by Ivezic & Elitzur (1997) to study

luminosity L, pulsational perio®, and metal abundanc&to : i
the parameters that characterize the shell of matter and thattgf’:"edust shells surrounding AGB stars. The spherical symmetry

relevant to the solution of the radiative transfer across it. approximation is adopted for the Sa.ke. of simplicity. The key
. o parameter we need to solve the radiative transfer problem and
The radiative transfer equation is

to calculate the emerging flux is the optical defth of the
dl, (1) shell which is defined as follows

K (D[S () = 1 ()] )
T = fs dr (1) = fs ke () p (r) 3

k, (1) is the overall extinction cdBcient at the wavelength
given by the sum of the absorption and scatteringftoe
cients,k, (I) = kg (I) + ks (1);

I, (I) is the intensity of the radiation field;

S,(I) is the “source functiohy given by the ratio
g, (1) /ky (1), with &, (I) the emission cdécient.

d
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wherek, is the overall extinction cdicient per mass unigis  Assuming the shell to be optically thick to IR radiation (a good
the matter density. Both depend on the radial distantem approximation in case of high mass-loss rates), the inner radius
the central source. The integral is evaluated over the thiak-the shell can be derived from the equality
nessS of the shell. In the case of a dusty shell Eq. (3) becomes

L=4nRoTh = dnr2oTy (13)
Ta= js‘k” (N palr)ar ) whereR, is the stellar radius antl is the temperature of dust

wherepq (1) is the dust density. condensation at,. From this relation we get

The equation of mass conservation is given by L TIRY
©
lin = — - (14)
% = 4nr’p (r) v (r). (5) " (47TO'T3J (LG)

The matter density (r) is linked to the dust densityy (r) by
the relationpq (r) = p(r)6 whereé is the dust-to-gas ratio.
Substituting the matter densipywith the dust densityy we

The uncertainty arising from using the relation (13) can be
transferred td y which is not firmly established. Literature val-

ues range from 800 to 1500 (Rowan-Robinson & Harris 1982;
David & Papoular 1990; Suh 1999, 2000; Lorenz-Martins &

obtain
5 Pompeia 2000; Lorenz-Martins et al. 2001; Suh 2002). Finally,
dM (r) _ 4arpa (r)v(r) (6) adoptingTq = 1000 K (see Sect. 5 below) we obtain
dt o
3
and then fin = 237 1012(Li) cm (15)
(1) = 00 ™ )
pd 4nr2y (r) The extinction cofficient for unit mass; is in general given by
With aid of the above relation we recast the optical depth S Ngog
of Eq. (4) as k= =22
) Pd
M (r)s . -
Tr= | ki(r) 47rr2—v(r)dr’ (8) where the summation is extended over all types of grain in the
S

mixture, oy, is the cross section for thh type of dust grain
In reality, the dusty shell will extend between an internal arahd ng is the number of grains ath type for unit volume.
external radiug;i, andrqy respectively. Assumingto be con- Denoting withmy the mass of théh type of dust grains, and

stant across the shell, we get introducing the mass abundange= ngmy /pq Of ith type of
5 (o M () grain we finally obtain
Ta= —f ki (r) dr. 9) |
o 0 ki = Zm%' (16)
i i

To proceed further, the mass-loss rér), velocity o(r), and

extinction codicientk,(r) and their radial dependence musthe optical deptly; of the dust is a function d;, andk; in

be specified. To a first approximation we assume that at afiyn is a function ofr; via the mass abundange= i (7). In

given time the rate of mass-loss and the velocity are constat models, the mass abundangesnay change for two rea-

with r, together with physical properties of the dust. Therefoggns. Firstly we are dealing with O- god C-stars. Secondly

the absorption cdicient for unit massk, does not depend onfor the same type of star (either O- or C-stars) the opacities

the radial coordinate. With these simplifications we have  and the relative abundances of the grains can change with the
optical depth (see Sect. 4). Sinkeand7,; are each other in-

out
Ty = oMk, f %dr (10) terwoven, an iterative procedure is required
4o Jr, T We also need the cross sections of the radiation-dust inter-
and upon integration actions. The cross section for a single dimension of the geains
) is og (@) = ma°Qext (i), WhereQex (i) are the extinction coef-
T = SMk, (i - i) (11) ficients. The total cross sectior, can be obtained integrating
4o \Tin  Tout the cross section for a single dimension over a given distri-

Sincerou is usually much larger tham, the relation above can Pution of the dimensions of the grains (see Sect. 5 for a dis-

be safely approximated to cussion about the choice we have made for the distribution).
) The absorption and scattering goeents,Qaps(i) and Qscali)

. oMk, 1 respectively, can be calculated at any given wavelength with

. 12
4 lin ( )

. . . 1 The radiative transfer code “DUSTY” refers the optical depth
Now we need to connect the physical quantities defining the, wavelength of reference. Similarly to Suh (1999, 2000, 2002),
optical depth of the dusty shell with the typical parameters @ assume as reference wavelength: 10 um. This implies that
AGB stars, e.g. mashl, radiusR, effective temperatur@e;, the termk, in the optical depth equation has to be evaluated at this
period P of pulsation, luminosityL, and metal contenZ. wavelength, once the dust composition is fixed.
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the aid of the Mie theory The parameters to be specified areand eventually invert it to estimase The factorsacg depends
the optical constants of the material composing the dust graing, the kind of star under consideration. For the O-stars we
the dimension and shape of the grains that are usually appraxdedacs = 0.01 as in Bressan et al. (1998) and Suh (1999),
mated to a sphere. Basing on this, the absorption and scatteviigreas for the C-rich stars we adopt the valgs = 0.0025
codficients, Qaps and Qsc; can be derived from the complexcomputed by Blanco et al. (1998).
dielectric function, expressed by the regl) and the imagi-
nary partk (i) of the complex index of refraction (Bohren &3. Mass-loss rates from AGB stars
Huffman 1983; Draine & Lee 1984).

The expansion velocity of the matter can be derived frofhe rate of mass-loss along the AGB is a key parameter for
the Vassiliadis & Wood (1993) relationship correlating the exhe evolution of the stars in this phase becausdfécts their

pansion velocity to the pulsational period lifetime and luminosity.
» Despite the greatfort devoted to clarify the role of mass-
Vexp [km S ] =-135+0.056P (17) " loss on the evolution of AGB stars, the mechanism of mass-loss

itself is not completely clear. The determinations of the mass-

with the condition that the velocity is higher than 3krs loss rate from IR and radio data, arffemted by significant

(Vassiliadis & Wood 1993). The pulsation periéddepends uncertainties, due to the poorly known distances, dust-to-gas

o t:\esiﬁ)w;JIslgtrlgIr;trir(])cr)1dtfect)\]:vtgt-:?nst?err.iod mass and radius (E (ﬂtio’ and expansion velocity of the sources.
P X ’ 9. There are two nearly direct observational evidence for

in Vassiliadis & Wood 1993) is obtained supposing th%a

AGB variable stars pulsate into the fundamental mode: ss-loss: the continuum IR emission in excess to what we
P ' expect from a star with the typicalfective temperature of
M

R an AGB, and the molecular rotational lines detected in emis-

logP = -2.07+1.94 IOQ(Q) -09 (M_o) (18)  sion. The IR emission observed is characteristic of a dusty shell
) ) that absorbs the light of the star and then emits it in the IR and

where the stellar radiug and massV are expressed in solar i range. The molecular lines come from the gas surround-

units. _ _ _ ing the star: their widths and time variations prove that the gas
Another variable that appears in Eq. (12) is the dUSt't%'flowing away from the star.

gas ratios. We need to relate this ratio to the stellar parame- |+ is now widely accepted and supported by hydro-

ters. Habing et al. (1994) studying the dependence of the gasamical models that large amplitude pulsations are essential
outflow velocity vexp at large distances from the star, foungy, gccelerating the mass outflow from the stellar surface of
that vexp depends on three parameters, that is the stellar Wsp stars until the gas becomes cool enough that heavy ele-
minosity L, the mass-loss ratel, and the dust-to-gas ratd  ments can condense into dust grains. The dust grains in turn ab-
The observational data indicate thaj increases at increasinggorh and scatter the radiation transferring by collisions energy
any one of these parameters as also confirmed by the modgl§ momentum from the stellar radiation field to the gas so
of Habing et al. (1994) who also suggested a plausible correlga; the flow velocity may exceed the escape velocity (Gilman
tion betweenex and the dimensioresof the grains. Therefore, 1972y Mass-loss grows with time until the so-called super-
vexp = Vexp(L, 6, M, @) is a function of four variables. However,ing regime sets in, which quickly turns the star into a plan-
vexp is found to depend only weakly on the mass-loss Mte g(ary nebula by stripping away all the envelope and leaving a
except wherM is small and the same weak dependence holgds,a core that evolves to high temperatures.

good for the grain dimensica See Habing etal. (1994) forall - \jgiliadis & Wood (1993) represented the above situation
details. Since our aim is to include thffexts of the dus_,t shell with suitable analytical fits in whictV exponentially grows
around AGB stars on the spectra of SSPs, stars with a thiglh the Juminosity up to the formation of the planetary neb-
shell and high mass-loss rates give the dominant contrlbut@g_ Following the formalism of Vassiliadis & Wood (1993) we

to IR spectrum of the SSP. Therefore, we adopt here the relapRle adopted the relations below to express the rate of mass-
of Habing et al. (1994) for high mass-loss rates, and neglect {8€ prior and during the super-wind regime. The transition oc-
dependence aky, on M anda. The expression fakex, in pres- ¢ rs at a period of about 500 days. Furthermore, once the super-
ence of high mass-loss rates is wind regime has started the stellar envelope gets so rich in dust

Dexp o L3605, (19) that the star is no longer observable in the visible range of the
spectrum.

Following Bressan et al. (1998), who made use of the results Prior to super-wind, the mass-loss rate is expressed by

by Habing et al. (1994), we recasgl, as :
logM = -11.4+ 0.012%P (21)

0.3 0.5
Vexp = 15[km s‘l] (;) (i) (20) whereM is in Mg yr~* and the period is in days. During the
100 Lo/ \dace super-wind regimé/ is assumed to be given by

2 The Mie theory, developed in 1908 by Gustav Mie to understand 1 ( L ) (22)

the colors generated by gold particles suspended in water, provides- o L_o
a formal solution for the interaction of spherical and homogeneous

small particles with the electromagnetic radiation (Bohren &hhan Which describes a wind driven by radiation pressure (lvezic &
1983). Elitzur 1994).
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As already pointed out by Vassiliadis & Wood (1993) longbservational ones. In our case, the spectra obtained from ra-
period variables detected in the optical are found up to pediative transfer models of AGB stars surrounded by dusty shells
ods of 750 days (top upper part of the AGB where the stellarust agree with the IR observations of these stars. For more de-
mass is~5 My). In order to take this into account, Vassiliadis &ails on this subject see Draine & Lee (1984).

Wood (1993) slightly changed the expression for the mass-loss As already pointed out by Suh (1999), the dust opacities are

rate of Eq. (21) according to often adjusted in such a way that observations (spectra) are re-
produced, however, without checking for the Kramers-Kronig
logM = —11.4+ 0.0125x |P — 1OO(M - 2.5)} (23) dispersion relation at the same time (Volk & Kwok 1988;
o Griffin 1993; Suh & Jones 1997). In some cases (Ossenkopf

et al. 1992) the physical consistency of the input opacity is se-
cured, but no comparison between observational data and theo-
tical predictions is made. A rare exception is Suh (1999) who
presents optical constants that satisfy both the Kramers-Kronig
relation and properties of O-rich AGB stars better than in previ-
4. Formation and properties of the dusty ous studjgs. In addiFipn to this, Suh (1999) givgs two es_,timates
circumstellar envelopes for the _s,lllcate opqcn_les, one for the warm grains (obtained re-
producing the emission feature at gt of OH/IR stars) and
O-rich stars. O-rich AGB stars of M spectral type showone for cold grains (obtained reproducing the absorption fea-
two typical features at 1m and 18um either in absorption ture at 1Qum always of OHIR stars). The variation of the sili-
or in emission depending on the optical depth of the surrounghte opacity with the observational constraint to be reproduced
ing envelope. These features are usually attributed to stretchgag be understood by considering that AGB stars can be sur-
and bending modes of SD bonds and G- Si-O groups and rounded by thin or thick shells and that the grain temperature is
clearly probe the existence of silicate grains in the shell of maikely to be cooler in thick shells than in thin shells. A simple
ter around the star. argument supporting this possibility is that in AGB stars sur-
Among AGB stars, the OfR stars are generally thought torounded by a thin shell of matter a large part of the dust will
represent the final evolutionary stage of an O-rich object, just at high temperatures, whereas in AGB stars with a thick cir-
before it evolves quickly into a planetary nebula. Conversetyumstellar shell, dust will be at lower temperatures. Basing on
Mira variables of M spectral type are thought to corresponhblis, Suh (1999), argues thafidirent kinds of grain (opacities)
to early or advanced AGB evolutionary stages of oxygeare required at varying optical depth of the shell: cold silicates
rich stars. An oxygen-rich star is characterized by the ratiwe suited to thick shells with the 10n feature in absorption,
C/O < 1. Because of the strong triple bond between O andwhereas warm silicates are more appropriate to thin shells with
in the carbon monoxide, it is believed that all C will be blockethe 10um feature in emission. The largestfdrence between
into CO molecules and no C is available to the formatiahe opacities of the two species occurstat 13 um (see the
of dust grain with other elemental species of low abundantep panel of Fig. 1) and according to Suh (1999) the transition
In contrast, the fraction of O not engaged in CO reacts witietween the two physical situations occurs at the optical depth
other elements such as Mg and Si and forms various typesjgf = 3 andA = 10um. The same values are adopted here.
compounds. Therefore, an O-rich star is characterized by the The mid-infrared spectra of oxygen-rich circumstellar en-
presence of O and compounds like MgO, silicates ap®.H velopes are dominated by the silicate bands at about 10
Eventually, these molecules can bind together to produce graamsl 19um and so much less attention has been paid to the
of silicates. other IR spectral regions until the advent of IRAS and ISO in
The newly formed dust grains leave the envelope of tiparticular. However, in many IRAS LRS spectra of Mira vari-
AGB stars and disperse into the interstellar medium, wheaibles (Sloan et al. 1996) an emission band at aboyptiiBas
they can be strongly modified by chemical and physical prbeen detected that could be due to aluminum oxide (Begemann
cesses, such as collisions, interaction with energetic photosisal. 1997), but its origin is still a matter of vivid debate (Posch
accretion and destruction of the mantle, and so forth (see dtial. 1999). Other weak silicate features around 10 anai8
& Mayo Greenberg 2002, for a recent review and referenigave been detected by the ISO-SWS observations which can be
ing of the subject). Therefore the opacities of dust silicatestributed to the presence of oxide patrticles. In many AGB stars
in AGB stars are probably fierent from those derived fromwith high mass-loss rates, 1SO high resolution observations
laboratory measurements of terrestrial or meteoritic materisdvealed the presence of prominent bands of crystalline sili-
Furthermore, the classical opacities of silicates of tiffuseé cates, for instance enstatite (Mg3)@nd forsterite (MgSiO;,)
interstellar medium cannot be used to model the dusty €hVaters et al. 1996; Waters & Molster 1999).
velopes of AGB stars (Ossenkopf et al. 1992). All these features spurred the interest toward the composi-
There are two final points to consider: i.e. the consistentign of circumstellar dusty shells and grain formation theories
of the opacities in use with the Kramers-Kronig dispersion résail & Sedlmayr 1999). Suh (2002) presented a dust model
lations (see e.g. Landau & Lifshitz 1960) which imply thator the envelopes of O-rich stars in which not only amorphous
the real and imaginary parts of the complex dielectric functiailicates but also crystalline silicates are included. The adopted
€ (w) = e1+iex are notindependent, see also Bohren &fifhan  opacity functions are those of Jaeger et al. (1998) (the bottom
(1983), and the consistency of the theoretical results with thanel of Fig. 1). The key parameter controlling an envelope

for stars with massel > 2.5 M. Once agaiM is in My yr 1,
and the period is in days. The Egs. (21)—(23) completely
scribe our mass-loss prescriptions for AGB stars.
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Fig. 2. Absorption coéicients for amorphous carbon (dashed line)
Fig. 1. Upper panel: extinction cdicients for two crystalline silicates from Suh (2000) and silicon carbide (solid line) fromd®urg (1988).
i.e. forsterite from Jaeger (2002, private communication) and enstatite
from Jaeger et al. (1998). Bottom panel: extinction fiomnts for
cool and warm silicates taken from Suh (2002).
forsterite (Mg2SiO,) are the same as in Suh (2002), i.e. we
adopt the same relative contribution for the two components.
C-rich stars. C-stars are the evolutionary descendants of
N ] - ~ Mira variables. Through continuous dredge-up of carbon into
composed by amqrphous silicates anq crystall_lne silicates isthe envelope during the thermally pulsing AGB phase, these
so-calleccrystallinity parameter, that is the ratio between t0-giar5 eventually reach a carbon abundance in the outer layers
tal mass of crystalline silicates to the total mass of silicates. Slle“)ger than that of oxygen (© > 1). When this occurs the
(2002), examining various levels of crystallinity, found that foformation of O-rich dust ceases and it is replaced by that with

the same value of, crystalline silicate features are strongeg._rich compounds: the C-star phase begins. Therein after, the
for optical depths smaller than 5 and weaker for optical depti§ntinuous formation of C-rich dust makes the envelopes of

larger than 10 (always referred to the optical depth 0.  these stars more and more optically thick. By loosing mass at
A high crystallinity is required to produce strong features 'Pery high rates, they get enshrouded by thick envelopes that ab-

models with high optical depth. sorb and scatter the UV-optical radiation into the IR and radio
The intensity of the crystalline silicate features is likely teange.

correlate with the mass-loss rate from AGB stars. As a mat- Almost all these stars show an emission feature & jirh,
ter of fact these features are stronger in/@Rtars with high due to silicon carbide (SiC), whose presence was predicted
mass-loss rates (Sylvester et al. 1999). Because the obsefyaGilman (1969) and observationally confirmed by Hackwell
tions show that the same features are not present in stars With72). Many infrared observations have broughtinto evidence
low mass-loss rates, one may perhaps infer that these starssaee confirmed the presence of several types of dust grains in
also deficient of crystalline silicates in their envelopes (Sufrrich AGB stars: amorphous carbon (AMC), silicon carbide,
2002). The problem, however, needs deeper analysis becaif® magnesium sulphide (MgS) to mention the three domi-
Suh (2002) and Kemper et al. (2001) find contrasting resultfant types. Suh (1999, 2000) has derived new opacities for
Kemper et al. (2001) even including the presence of crystallifige AMC, that are consistent with Kramers-Kronig dispersion
silicates in the dusty envelopes, fail indeed to reproduce thgations, and has also reproduced the observational data by
features in question. means of suitable models of the dusty shells around AGB stars
Following Suh (2002), we adopt here the crystallinity pgsee Fig. 2). The models are based on the new opacities and a
rametera = 0.1 for stars with low mass-loss rates and modtomplete treatment of the radiative transfer, thus much improv-
erately optically thick shells of matteff{y < 15), whereas ing upon previous studies (Blanco et al. 1998; Groenewegen
for OH/IR stars with high mass-loss rates and optically thiokt al. 1998). The Suh (1999, 2000) models are characterized
shells 10 > 15) we prefer the value = 0.2. It is worth by two components, SiC and AMC (for typical models of car-
recalling thatr = 0.2 is fully sufficient to reproduce the promi-bon stars, see for example Lorenz-Martins et al. (2001) and
nent crystalline features shown by @R spectra. Finally, in references therein). The 3fn MgS feature is observed in a
all the models the relative contents of enstafifeySiO;) and wide range of sources, going from low mass-loss carbon stars
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to planetary nebulae (Hony et al. 2002). Because it is obserweith a; = 0.1 um, wherea is the dimension of the grains.
in C stars of large luminosity it is expected to significantly corBespite its simplicity, this type of distribution is fully ade-
tribute to the integrated spectrum in the;88 range. However, quate to our purposes and it has already been widely used to
as the optical constants of MgS are not measured foiffa sumodel the dusty shells of AGB stars (Hashimoto 1995; Ivezic &
ciently wide range of wavelengths (Suh 2000; Hony et al. 200B)itzur 1995; van der Veen et al. 1995; Suh & Jones 1997; Suh
the presence of MgS is neglected here. 1997, 1999; van Loon et al. 1999; Suh 2000, 2002). Support
The grains of silicon carbide can be separated tn this kind of approximation is by Bagnulo et al. (1995) who
two groups, hexagonal or rhombohed¢&iC and cubi@SiC. find that a delta-function fits the spectrum of IRT)216 much
Many authors (Groenewegen 1995; Speck et al. 1997; Blartpetter than a power law.

et §1I. ;998) argue that i_n order to fit the IR_ spectra of C-stars, gince diferent types of grains are present in the dust mix-
aSiC is required sometimes together wiSIC. However, all 6 of the circumstellar shell, this could imphyfiirent values

studies of meteoritic SIC grains have revealed the presence,pfye grain temperature at the same distance from the central
only SSIC. Since it is thermodynamically unlikely thaBIiC g rce. As a consequence of it, the condensation temperature

transforms itself intgsSIiC (Bernatowicz 1997), there seems; inner houndary of the shell could vary with the type of grain.
to be a clear discrepancy between #%C suggested by the |, e case of shells of the C-rich stars, for which we use a

AGB spectra and thgSiC indicated by the meteoritic data. ASyixture of AMC and SiC Tq is assumed equal to 1000 K for

pointed out by Speck etal. (1999) the discrepancy could be gy, tynes of grain: in reality AMC and SiC should have their
to inadequate KBr correctiohto the laboratory spectra so thagyyn temperature and temperature profile across the shell. This
a plausible way out can be found. , _ _ of course would add additional parameters to the problem, i.e.
AMC and SiC dfect the spectrum in a flerent fashion: 4 condensation temperatures and two dust-to-gas ratios, thus
while the gfects of AMC propagate over the whole spectrtumenqering the whole problem much more complicated and be-
those of SiC are limited to the Lin feature as observatlonallyyond the technical capability of the code DUSTY we are us-
indicated. Lorenz-Martins& Le_fevre (1994) and Groene_weg% (Nenkova et al. 1999). The code indeed treats a mixture
(1995) suggest that the ratio SiC to AMC decreases at inCrégpgains using a pseudo-grain whose optical properties are the
ing optical depth of the dusty envelope. This is also confirmegde o e of those of individual species and of course deals with
by the models of Suh (1999). Therefore, following Suh (1999)gjngle value o . Fortunately, in the case of C-rich stars, the
prescription, we assume here that the chemical composition@f,nqance of SiC is very low so that the approximation to a
the dust changes with the optical depth of circumstellar Sh%lngle value ofTq is physically acceptable. By the same token,
For optically thin dust shellsTio < 0.15), the strong 1Lm e may also assume the same valudf= 1000 K for this
feature requires about 20% of SiC dust grains to fit the obs&rpe of shell. As first noticed by Suh (1999), if in an expand-
vational data for AGB; for dust shells with intermediate OBhg stellar envelope dust grains condense in amorphous form

tical depth (015 < 730 < 0.8) about 10% SiC dust grains,ng then get a crystalline structure on a short time scale, it is

are needed, whereas for shells with larger optical depths, ity that two diferent types of grain have the same tempera-
which the 11um feature is either much weaker or missing af,e qistribution.

all, no SiC is required. Following Suh (1999), who used the ) ) ] )
optical constants afSiC by Régour (1988) to calculate the Another important parameter is the density profile of the

opacity for SiC and reproduce the spectra of C-stars simila@fains across the shell. Manyfigirent c_jsrjsity laws have been
we adopt here the same data (see Fig. 2). suggested: the simple power-lawe r=* is a popular choice
even if the exponentvaries from author to author. The lame

r—2 is often adopted. Equally good alternatives arec r—*

orp « r=3, The latter seems more suited to describe the case
An important parameter of the dusty shell models is the distaf O-stars with thick envelopes. Furthermore, models with ra-
bution of the grain dimensions. Nowadays many recipes heiigtion pressure or models with pulsations and shocks pre-
been proposed to reproduce the properties of the dust grailistp o« r=2. Finally, a region of finite thickness with enhanced
they go from the classical power-law (Mathis et al. 1977) todensity is added to the distributign« r~? to somehow de-
log-normal distribution of Weingartner & Draine (2001). In thisscribe stars that are in the super-wind phase (Suh & Jones 1997;
study we adopt the simple distribution expressed by the Dir&oh 1997). In this study we simply adopt the power-fawr 2

delta function as in the series of papers by Suh (1999, 2000, 2002) from which
we also take the opacities of the dust grains.

5. Parameters of the shell model

n@=0(@-a

@ ( ) ) ] ) However, using dferent power-laws for the distribution

* Dorschner et al. (1978) have studied tikeets of the a dispersive of the matter in the shell implies that the same overall opti-
medium made of potassium bromide (KBr) on the spectra of smally yo 1, js reached atfirent radii. In order to evaluate the
quantities of silicates with the grain size. They find a shift of thencertainty on the optical depth, caused by using ferent

spectral features emitted by the grains using either a KBr-matrix Qr =~ i he shell f .
a KBr-pellet in which the small grains are embedded. They explal nsity profiles across the shell. We start from Eq. (4), insert

the shift as due to anflect caused by the KBr-matrix that needs téh€ relationpy(r) = 6p(r) wheres is a constant, suppose for
be corrected before using the spectra obtained with the KBr-pelféte sake of simplicity that the product(r)o does not depend
See Speck et al. (1999) for more details about the problem of @8 r, and finally insert the generic radial dependence for the
KBr correction. densitypg (r/ro)™" (wherepg andrq are suitable scale factors).




L. Piovan et al.: Shells of dust around AGB stars 567

The optical depth down to a generic radius which for the error on the period coming from (18) yields
. thatAM/M is negligible. The uncertainty on Eq. (22) is simply
Ta(r) = (K r6>f r)dr '
1 a(r) . p(r) ﬂ _ AL N Avexp (29)

M L Uexp

which is also negligible.

Estimating the termAk,/k, is a cumbersomefiair be-
causek, depends on the mass abundange®f the grains,
which in turn are functions of the optical depfh) and of the

r cross sectionsg s of the dust-radiation interactions, which de-
A(r”f r" dr).
0
rIn

r

= (kl(r)(S)porgf r="dr. (24)
Tin

At any given radiug the variation caused by usingfidirent

power-laws is

(25) pend in its turn on the grain dimensiomand on the extinction
codfticientsQex(i). No simple way of checking the uncertainty
Let us indicate with7'1, 7, andZ3 the three integrals for threecan be found, but referring to the original sources of data for
typical power-law exponents= 1,2 and 3, respectively, poseextinction properties.
r = ariy, and finally assume the scale lenggtto be the inner As already mentioned, the uncertainty on the expansion ve-

radius of the shellj,. We immediately get locity vexp is Simply estimated from Eq. (17), which yield a
negligible Avexp/ vexp.
Ii=rinnae I,=rj (1 - }) T3~ 0.5r, (1 - iz) Finally, the uncertainty on the inner radius of the shell can
@ @ be derived from dferentiating Eq. (14)
The factors multiplyingi, give an idea of the dierences due Arj, ATy _AL
to the power-law exponemt The net consequence offidgirent ", = 2T_d + ZT' (30)

T4 we have many dierent values in literature: varyingitin
the realistic range from 1000 to 1500 K and taking the typical
luminosity for AGB stars we estimat&ri,/ri, ~ 1. We can
finally conclude that the termari, /ri, andAd/é§ are the main

6. Uncertainties of the shell model source of error in the calculation of the optical defth For
individual stars the error may be as large\d5, /7, ~ 2 which

In this section, we try to discuss the uncertainties arising froE‘acceptable for the purposes of our study. It will be smaller as

tST]eeﬁWO main components of the adopted model for the dlé%ton as better determinations of the relationshigL.., 5) will

radii and hence lower temperatures the flatter is the spectr

mass density profiles is that the more matter is stored at Iaﬁe
and vice-versa (see Ivezic & Elitzur 1997, for more details).

, . _ be available.

Optical depthDifferentiating Eq. (12) we get Chemistry.Although the list compounds we have consid-
AT, A5 AM Ak, Avexp Ari ered in modelling the chemical composition of the dust shells
T = + ™ + P + P (26) is certainly incomplete, anffrt has been made to include as

exp in

many molecules as possible. Many other compounds are of
In the following we try to estimate the various terms composeurse possible and should be included in the list, but we need
ing this relation. If we look at Eq. (20), this one well representieeper studies able to discriminate for which AGB stars these
the link between luminosity of the sthr, outflow velocityvex, compounds have to be included. However, compared to similar
and dust-to-gas rati®, because (Habing et al. 1994)Lif or § studies on the same topic, e.g. Bressan et al. (1998), our treat
increase, alsaypincreases, but the exponents that rule the relaent is a significant step forward. To conclude we are confident
tion of proportionality are uncertain. We adopt the dependentbt our description of the shell composition is adequate to the
proposed by Habing et al. (1994), but for example van Logmesent aims. No doubt that this aspect can be improved.
(2000) proposed a slightly fierent choice for the. depen- Final remarks. Even if the uncertainty is as large as
dence. If we write Eq. (20) asyp o L26” we get AT,/T, = 2, the situation is, however, not as bad as it
may seem, because the largefeet of the dust shell on re-

A5 _ 140 ¥ @Al (27) Processing the radiation coming from the central star under-

0 Puvep P L neath is for the optically thick case, in which the exact value of
the optical depth is less of a problem.

wherea andg are 2 and @ in our model. The errorvep
andAL are small, because Egs. (17) and (18) a@cantly
good and so, if we consider a large spreadvodindg and 7. Theoretical SSPs: Basic ingredients
typical values for the expansion velocities and luminosities %e monochromatic flux of an SSP of agand metallicityZ
AGB stars, we geAd/6 ~ 1 in the worse cases. t the wavelenath is defined as

The uncertainty on the rate of mass-loss can be estima?eé 9

from Eq. (21) prior to super wind and Eq. (22) during the super- Mu(®)
wind. Differentiating Eq. (21) we obtain ssp(t.2) = fML f2 (M, 1, Z) 2(M)dM (31)
AM 1 wheref, (M, t, Z) is the monochromatic flux emitted by a star

M |ogloeo'012?AP =~ 0.034AP (28) of massM, aget, and metallicityZ; @ (M) is the initial mass
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function (IMF); M_ is the mass of the lowest mass star in
the SSP whereaddy(t) is the mass of the highest mass star still
alive in the SSP of age For the IMF we adopt the Salpeter
(1955) law expressed as
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wherex = 2.35 and4 is a normalization constant to be fixed s -
by a suitable condition (SSPs for other choices of the IMFcan |
be easily calculated). £ |

1/ up

Lo

Because the flussp (t,2) is calculated by integrating
Eqg. (31) along an isochrone, one has to know the luminosity, —
Ter and gravity of the stars of madd, aget and metallic-
ity Z lying on the isochrone. For any star of magsaget and
metallicity Z, the relationship between luminosifles, grav-
ity with the aget is derived from a library of stellar models,
the flux f, (M, t, Z) from a library of stellar spectra. Finally one
has to adopt a prescription for the amount of mass lost by a star
of massM in the course of its evolution: this could occur all  _, \ \ \ ! \
over the evolutionary history such as in case of massive stars, ! c 3 4 5
or at the end of the RGB passing from the tip of the RGB to i
the HB or clump as appropriate, and during the AGB phase @&§. 3. The range of bolometric magnitudes spanned by AGB stars
in the case of low and intermediate mass stars. All details of th#h z = 0.004 and the transition bolometric magnitudes from M- to
isochrone construction technique can be found in Bertelli et &kstar as function of the initial mass. The dashed lines show the start
(1994). of the AGB phase. The solid lines show the end of it. The shaded area

is the luminosity interval in which C-stars are formed. The thick lines

. ) (dashed and solid) are the models by Tantalo (1998) calculated with
7.1. Libraries of stellar models and stellar spectra the Vassiliadis & Wood (1993) prescription for mass-loss during the

. .AGB phase. The thin lines (dashed and solid) show the same but for
In our study we adopt ihe isochrones by Tantalo (1996) (antlﬁ%_e mF())deIs by Marigo et al((1999) The regign of C-stars is accord-
pated in the data base for galaxy evolution models by Leithe y :

: [}% to the Marigo et al. (1999) models. The two vertical lines show
et al. 1996). The underlying stellar models are those of the minimum mass for the formation of C-stars and the maximum

Padova Library. They are shortly referred to as the Bertelli et glassm,, for the occurrence of the AGB phase.
(1994) stellar models (see references therein for more details).
These stellar models are calculated with convective overshoot-
ing and are amply described by Bertelli et al. (1994) so that no For ages younger than about 100 Myr the SSPs we are go-
detail is given here. In the present study only three chemida@ to present will be equal to the old ones of Tantalo (1998),
compositions are considered, namely 0.240,Z = 0.004], because no AGB stars can be formed, whereas for older ages
[Y = 0.250,Z = 0.008], [Y = 0.280,Z = 0.02], for which the the dfect of the circumstellar envelopes in processing the radi-
transition luminosities for AGB stars passing from the O-rich t@tion coming from the central star is taken into account.
the C-rich regime calculated by Marigo et al. (1999) are avail-
able (see below). ” R

In the isochrones, all evolutionary phases from ZAMS tc7)'2' Transition luminosities of the AGB phases
the end of the TP-AGB or C-ignition are included, as appr®wing to the dfferent composition of the ejecta mucfieat-
priate to the mass of the last living star of agdhe rate of ing the chemistry and physics of the circumstellar shell, the
mass-loss during the RGB stages of low mass stars is froransition from the oxygen-rich M-type stars/(C < 1) to the
Reimers (1975) withy = 0.45. During the AGB phase thecarbon-rich C-type objects (© > 1) deserves particular care.
rate of mass-loss is according to Vassiliadis & Wood (1993), In view of the discussion below, it is useful to summarize
as already described in Sect. 3. The initial masses of the stells evolution of AGB stars eventually becoming C-stars. The
models go from 0.15 to 10®l, and the ages of the isochronesituation is illustrated in Figs. 3-5 for threef@irent values of
go from 3 Myr to 20 Gyr. the metallicity, namelyZz = 0.004,Z = 0.008 andZ = 0.02

The library of stellar spectra is from Lejeune et al. (1998)espectively. Each plot shows the bolometric magnitude of TP-
which stands on the Kurucz (1995) release of theoretio®GB stars as a function of their initial mas4; from the be-
spectra, however with several important implementations. Fginning to the end of the AGB phase when the outer enve-
Texr < 3500 K the spectra of dwarf stars by Allard & Hauschildiope is completely removed by mass-loss. The thick dashed
(1995) are included and for giant stars the spectra by Fluksd solid line bind the luminosity attained by the stellar mod-
et al. (1994) and Bessell et al. (1989, 1991) are considerets of the Padova Library (Bertelli et al. 1994) used by Tantalo
Following Bressan et al. (1994), fdles > 50000 K, the li- (1998) assuming the prescription for mass-loss of Vassiliadis
brary has been extended using black body spectra. & Wood (1993). The thin dashed and solid lines show the same
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Therefore, in old stars only O-rich shells of dust with@< 1

are possible. At larger initial masses, C-stars and C-rich dusty
shells do occur over a wide range, which may extend up the
| so-calledMyy, i.e the maximum value for the occurrence of

- the AGB phase, or slightly below this. In the range of the
1 massive AGB, the occurrence of envelope burning may indeed
up 7 delay the formation of a C-star, and in some cases may turn
a C-star into a late O-rich star. More precisely, in this mass
range a C-star is comprised between two stages, in which an
AGB star appears as O-rich. The late O-rich phase is favored at
| low metallicities and disappears farz Z.

1 (ii) As a consequence of the above trend, for the majority of
41 C-stars (say up taM; < 3.5 Mg) the maximum luminosity

- just coincides with the end of the AGB phase, whereas for ini-
tial masses larger tha; 2 3.5 My the maximum luminosity

of C-stars may be fainter than the maximum luminosity of the
AGB phase.

Given these premises, we need to incorporate the results by
Marigo et al. (1999), which provide the transition luminosity
into the isochrones (SSPs) by Tantalo (1998). The comparison

! of the initial, transition, and maximum luminosities in the two
Fig. 4. The same as in Fig. 3 but for the metallicify= 0.008. sets of models reveals that:
(a) ForZ = 0.004 the luminosity at which the TP-AGB phase
begins is nearly the same for both Tantalo (1998) and Marigo
et al. (1999), whereas the termination luminosity is lower in
Tantalo (1998). Finally C-stars are formed for initial masses
larger than about.1 My. Owing to the lower termination lu-
minosity, the proportion of C-stars with respect to that of the
O-rich ones predicted by the Tantalo (1998) will be somewhat
smaller compared to the value expected from Marigo et al.
(1999).
(b) Similar considerations apply to the case with= 0.008,
the only diference being that no C-stars can be formed for
initial masses lower than about2lM,. We note that the
range of bolometric magnitude predicted by the models of
Tantalo (1998) is narrower than that by Marigo et al. (1999),
with lower maximum and higher initial luminosities for the
AGB phase. This reduces the allowed range for both M- and
C-stars. Nevertheless, to a first approximation the percentage

7=0.0087,

-7

M=1.5 M of C-stars with respect to that of O-rich stars remains similar to
that predicted by Marigo et al. (1999).
el a1 (€) ForZ = Zg, the initial and maximum luminosity of the
1 2 3 4 5 6 TP-AGB phase in Tantalo (1998) and Marigo et al. (1999)

M; are nearly the same so that there would be rtedince us-

ing either Tantalo (1998) or Marigo et al. (1999) models.
Now the formation of C-stars occurs for initial masses larger
than 1.5M,.

according to the more recent models of TP-AGB stars Iggi) Finally, for the sake of simplicity the possibility of a
Marigo et al. (1999). The shaded areas correspond to thelhte O-rich phase is taken into account only #r= 0.004
minosity interval in which, according to Marigo et al. (1999)andZ = 0.008 and is ignored at higher metallicities owing to
C-stars develop. Examining the three diagrams and the modalks very small dierence between the maximum luminosity of
by Marigo et al. (1999) in detail we note that: the AGB phase and of the C-star regime. See for instance the
(i) over the mass interval in which the AGB phase developsase ofZ = 0.02 in Fig. 5.

the formation of C-stars does not occur for initial masses lower Basing on the above considerations the use of the Tantalo
than a certain limit indicated by the vertical line (the limi{1998) isochrones is fully adequate to our aim of studying the
mass increases at increasing metallicity). This is simply causatect of the dusty envelope on processing the radiation coming
by the very early loss of the envelope before any changefiom the central object. Therefore we will adopt the Tantalo
the chemical composition of the outer layers may take plag&998) models as source of our SSPs and use the models by

Fig. 5. The same as in Fig. 3 but for the metallicky= 0.02.
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Marigo et al. (1999) only to fix the luminosity at which the
transition from O-rich to C-stars occurs. Work is in progress to
replace the SSPs by Tantalo (1998) models with new ones fully
incorporating the TP-AGB stars as modeled by Marigo et ql}ofm
(1999). !

"~ 'Hz

ster

7.3. A remark on the libraries of stellar spectra
and the evolutionary models of AGB stars

-1

ec

The general accuracy of the final result depends on the adopted
libraries of stellar spectra, in particular the correlation between |
the theoretical parameteify, gravity and chemical abun- =
dance and the associated SED, and important details of the
evolutionary models for AGB stars, in particular the dredge%
up episodes altering the surface chemical abundancedfithe e
ciency of mass-loss terminating the AGB evolution, the path of ;-2 [/
AGB stars in the HR-diagram eventually determining Thg i’
and luminosity of the AGB stars and the associated SEDs in [l 1 L] VA
turn, and finally the accuracy of the isochrone construction and ! X () 1o 100

of the stellar models underneath. To summarize and review in rm

detail all the sources of the various items above would leadRg. 6. Integrated SED$-, vs. A for the SSPs witlZ = 0.008, ages
too a lengthy discussion which goes perhaps beyond the scég@ 0.25 to 10 Gyr and the inclusion of dusty circumstellar envelopes
of this study. Stiice it to mention, that the libraries of stellarin AGB stars. From the bottom to the top the displayed ages are: 10,
spectra, isochrones, SSPs in usage here have been succeséfally: 4 3 2:1.5.1,0.8,0.6,0.5,0.4,0.35, 0.3, and 0.25 Gyr.
tested against, somehow tailored to match, and applied to study
the broad bantd) BV RIphotometric data of star clusters (stellar |
populations in general), e.g. Girardi & Bertelli (1998), Girardi 7=0.008 old SSPs spectra
(1999), Carraro et al. (1999), Tantalo et al. (1998). As far as . :
the evolutionary models of AGB stars are concerned, the same
considerations hold good, because they have been calibratedion
the observational data, e.g. the luminosity function of C-starsly
the Magellanic Cloud (Marigo et al. 1999). To conclude the li=
braries of stellar spectra and evolutionary models of AGB stars
we have adopted are fully adequate to our purposes. It is, how- )
ever, long known that the IR colors of the classical models ofto™ &/ | /
AGB stars disagree with the observational data. In addition ‘
improving the physics of the models, for instance by including
the dfect of C-rich composition on the opacity of the outermost-
layers, see Marigo (2002) which would yield AGB models of
much coolefT during the C-rich phase (these models are nét |
yet incorporated in this study), the dust shells are expected tg, .. ||
strongly dfect the IR colors and to bring them to better agree

with the observations. This indeed is the aim of this study. ,1‘ L] R
1 10 100

A (um)

8. Infrared spectra of SSPs Fig. 7. The same as in Fig. 6 but for the classical SSPs of Tantalo
(1998).
In Fig. 6 we plot the SED of dusty SSPs forfférent val-

ues of the age limited to the case with metallicty= 0.008

and in Fig. 7 we show the same but for the classical SSPdang wavelengths and the flux is considerable also in the MIR
which the dfect of dust is neglected. The displayed SEDs agad FIR.

for ages in the range 0.25 to 10 Gyr. A better view of the dif- The diferences start at aboutgm and in the IR range
ference brought by dust is shown in Fig. 8, in which the neup to 3-4 um the flux of dusty SSPs is lower than the old
and old SEDs are compared for a few selected ages. Tiee-di one: this is a consequence of the fact that dusty envelopes shift
ences are remarkable. First of all, in the old SSPs the spectrattmemission of M and C stars toward longer wavelengths. The
not extend into the medium and far IR (MIR and FIR, respeamount of energy shifted to longer wavelengths is larger for the
tively), but sharply decline for wavelengths longer than abowybung ages, because more massive and luminous AGB stars are
3—-4 um. In contrast, the spectra of the new SSPs extend towaresent.
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It is worth noticing the dferent IR spectrum of the new !

SSPs, the evolution of the features at3LAm and 97 um in 0.75
particular. For young ages, e.g. the SSPs of 0.3 Gyrand 1 Gyr,, 5 £
the spectrum does not exhibit features due to crystalline sili- | -
cates, because the C-stars dominate (th&rh feature of SiC =
is indeed prominent); for intermediate ages, such as 3 Gyr-
the O-stars of low optical depth influence the spectrum and ! F )
the 97 um feature can be seen in emission. For older age:s@% '
from 5 Gyr onward, the O-stars dominate, so the spectrum le-
comes more articulated and the features due to crystalline siIi-1'5
cates start to appear at long wavelengths in the IR. '
In Fig. 10 we plot the detailed evolution of the SiC *°
and SiO stretching mode features at increasing age. At young 1
ages (0.3, 0.5 Gyr) there is only the feature at3Lin of 0.75
the SiC; at about at 1 Gyr, the@um of Si-O starts to appear;
in the age range 1 to 2 Gyr the two features overlap; finally, at 05
older ages the 13 um of SiC disappears, and only the feature
at 97 um of Si-O occurs.
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Fig. 10.Evolution of the 113 um feature of SiC (dashed vertical lines)

Fi Ir; ?k:desréoDllluittrs te thef%(_:;g Bhgzn;etetlﬂlcny, we plotin fand the 97 um feature of stretching vibrations of-8D bonds (dotted
9. e S or'the case with= ©. orthe Same ages ol ;qq| lines) caused by the stretching modes of this molecule in SSPs

the case V\."thz_ = 0.008 shown in Fig. 6. The .evoluthn of the metallicity Z = 0.008 and ages going from 0.3 Gyr to 5 Gyr.
spectrum is similar but we can observe an interesting change

for the youngest ages where thg um feature is slightly in Silva et al. (1998) calculated spectra of SSPs with
absorption rather than in emission as at older ages. The ex@l&B dusty shells for chemical mixtures containing either
nation of it can be seen in Fig. 5. For the youngest ages, gikcate or graphite grains. They do not consider the more re-
luminosity interval in which C-stars appear becomes very thialjstic situation in which both types of grain are present and
and the stars at the AGB tip, with the highest mass-loss rate aladnot include the transition of O-stars to C-stars (followed in
the highest optical depth, are O-stars. So the SSP spectrumdmene circumstances by a late transition from C-stars back to O-
comes dominated by the®um feature in absorption and notstars for AGB stars of very high mass). Thanks to the inclusion
in emission, as expected in envelopes with high optical deptifithe transition luminosities of Marigo et al. (1999), it is now
A similar situation would also occur at lower metallicities (e.goossible to follow the IR-SED at changing the proportions of
Z = 0.008), but only at ages younger than 0.2 Gyr as shown Bystars with respect to O-stars, which is expected to vary with
the luminosity intervals for C-stars displayed in Fig. 4. the evolution of the AGB star population.
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9. Broad-band colors in the infrared : ‘ . " ol 1
r — 5Gyr . ¢ B
To test how the presence of dusty shells around AGB starsg | Y : . _
would afect the SEDs and colors of individual objects, we de- | ~~ 0-=°Cyr Soe e ]
rive IRAS and Johnson broad-band colors and compare them | . o]
with the observational data for a selected sample of AGB stars | e LS S o
of different type. In addition to this we calculate the integrated ‘ ° okt
colors of SSPs in the Johnson system and compare them with & - .o “w ° e
sample of star clusters of the Magellanic Clouds. = : .o Caenet e,
IRAS colors. To derive the theoretical IRAS monochro-¢ ¢ . r LoD . ﬁ. =
matic fluxes we have convolved the SEDs of ouff | .. ol Z Sghmy

SSPs with IRAS transmission curves, derived from [ . -'...:.;-'.‘;-,.,: ° .
the IRAS Explanatory Manual Supplement (on line at ! [ o o ° ".':r.’:--:::.f;f{" L]
http://space.gsfc.nasa.gov/astro/iras/docs/exp. i © 80, 0 .mm’g'.'p‘ s |
sup/). Following Bedijn (1987), the monochromatic flux is i Soas et ":{’.g%’ ,"'." . i
defined as i ? Qﬁ@'ﬁﬁ.ﬁ;’&‘ig e 1
I SN . ]
F.,®,da 0~ Ca ° K star =
Fa= f,:aL (32) . @ o 5‘;"';‘.\ gf"ﬁ“ * * @OH/IR star -
f(F_al)(D/ldA Lo T 0 w..q ..T:.‘:‘!zw .\ | [

01 ol
0 1 2 3
where @, is the instrumental profileF, is the theoretical [12-25]

flux distribution,Fj1 is the assumed flux distribution, that for

. 4 . _ Fig.11. The IRAS two color diagram [2560] vs. [15-25]. The
1 a -
IRAS bands isxA™*, and Fo Is the assumed flux distribu Oé—istars have been sampled frorffelient sources: Lewis et al. (1990),

tion referred to the central wavelength of the band as defing Squeren et al. (1992), David et al. (1993), Blommaert et al. (1993),

in Neugebauer et al. (1984). If the SOUlI’CE has a profile withcengalur et al. (1993), Loup et al. (1993), Xiong et al. (1994), Lepine
shape dierent from the dependencel™, one has to correct et al. (1995), Lewis (1997), van Loon et al. (1998). The sample of

the flux using the so-calleld factor given by C-stars is from Epchtein et al. (1990), Egan & Leung (1991), Chan
(1993), Guglielmo et al. (1993), Volk et al. (1992), Groenewegen
f('f )(I)de (2995), Guglielmo et al. (1998), Guglielmo et al. (1997). The fluxes
—_ 0 (33) of the stars in the samples are obtained using the IRAS Point Source
f ( FF_:) ®,dv Catalogue. Two groups of coeval AGB stars dffelient mass repre-
sented by the SSPs with age of 0.25 Gyr (dashed line) and 5 Gyr (solid

and to divide the monochromatic flux resulting from Eq. (3i§1€)niredct?mtf]ared;\%t§etd":ta' c':l'lhe I_arglen::irglel me;l’l;z;tge tC(:lor :anr?et
by this factor. Finally, the IRAS colors are given by pannea by these stars. Llassical modets o stars are no

able to fit the observational color distribution.
F (12 F (25)
12-25]=-25I 251 —_— 4
[2-25] Sog(F(12)0)+ 5°g(F(25)o (34)

this diagram we also plot the colors of the AGB stars. In or-
F (25 F (60) der to show the whole range of colors spanned by these stars
[25-60] = -2.5 Iog( ) +25 Iog( ) (35) we make use of the SSPs: more precisely the colors displayed

F (25)o F (60) by an SSP would correspond to AGB stars of the same age but
different initial mass. By varying the age of the SSPs we may
cover the whole range of colors of AGB stars of any initial mass
and age.

whereF (12), F (25), andF (60) are the IRAS theoretical fluxes
in Jansky (Jy), and the constants of calibratiéifl2), =

283 Jy ,F (25, = 6.73 Jy, andF (60); = 1.19 Jy are taken ) . : .
from the IRAS PSC Explanatory Manual Supplement (1488) In Fig. 11 models of classical AGB stars, i.e. with no dusty

. . hells around, would span a small range of colors approxi-
Our template sample of O-rich AGB stars (Miras, Semp
Regular, Long Period Variables, QIR etc, indicated by the mately centered at about around £25] = 0 and [25-60] = O

, . ) . . : he encircled area visualizes the region covered by two SSPs
filled circles) and C-stars (open circles) is shown in th\%ith age of 0.25 and 5 Gyr). As already pointed out by Silva

IRAS two color plane [25-60] vs. [12-25] of Fig. 11. The lo- .
: S e ef al. (1998), this happens because the SED of AGB stars,
cation of the stars in this diagram is widely used to establi 0seTe falls in the range 2500 to 3500 K, is much similar

the nature of the sources. van der Veen & Habing (1988) have : O
defined a region named the VH-window occupied by 'ate-tv}s (i thaciassical models of AGB stars fal 1 teprodiuce e
stars. In addition to this, many other diagnostic plots are use servational distribution of O and C-stars in the VH-window.

discriminate between O stars and C stars. The two-colors I8 S ) .
b Passing now to the new models of AGB stars with the dusty

are constructed combining in various ways IRAS fluxes wit

other IR pass-bands, see for instance Epchtein et al. (1987)>{i§ round, the situation is much improved. This is shown

in Fig. 12, where now the colors of the AGB stars (repre-

4 We have also calculated the flii(100) adopting the calibration Sented by two SSPs of given age) stretch across the whole
constant= (100), = 0.43 Jy. No use of this quantity is made here. VH-window. As we expect, the path in the two color plot of
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Fig.12. The same as in Fig. 11 but in which two groups of newig.13.The same asin Figs. 11 and 12 but in which the data have been
AGB stars of the same age andfdrent initial mass are displayed.selected imposing the conditicf,iﬁ-‘ier—3 < 3. All the stars with rati(f;’T’;'
Like in Fig. 11 these AGB stars are simulated by two SSPs with ageesater than 3 have been discarded because too much contaminated by
of 0.25 Gyr (dashed line) and 5 Gyr (solid line). Along the line fothe cirrus light.
the young age we mark with a dotted line the rapid transition from O-
to C-stars.
Another point to note is that our models of AGB stars of
different mass do not actually cover the whole color ranges of
he data even considering the cirrus correction above. Itis likely

| v th ) ied by O h h examined in some detail:
overlap only the region occupied by O-stars, whereas the more (i) Part of the disagreement can be due to the optical depth

massive AGB s_tgrs Jump into the region crowed _by C'StaB? the envelope and to its dependence on the chemical com-
when the transition from O- to C-star occurs. This stage position. Recalling the definition of optical depth, this could
marked by th? dotted pOI’tIO.n of the dashed line. . vary from model to model because oftérent compositions of
However, it must be noticed that many stars in our sampg|g. dusty envelopes. In this study we adopedent composi-
have [25-60] colors that are significantly redder than predictggh s of the dust for dferent intervals of optical depth, however
by the theory. we have not considered the possibility offdient mixtures of
This fact could be easily explained by the so-called cisilicate and carbon grains in envelopes with the same optical
rus contamination (lvezic & Elitzur 1995). In short the cirruglepth. This is a point of weakness because Ivezic & Elitzur
emissionC, may dtfect the IRAS fluxes because, owing to thg1995) have demonstrated that mixed compositions could ex-
point-like nature of the sources, sky-subtraction may not be gfain the spread of the data (see for example their Fig. 6).
curate enough and some contamination by the cirrus light can (jii) Another possibility, is that the density profile of the mat-
be present and significant, so that some additional correction@fis more complicated than a continuous power-law, as a con-
the data is required The cirrus emissiGo can be estimated sequence of discontinuous episodes of mass-lossfisfrelnt
from IRAS quantitycirr3, i.e. the surface brightness at 0@ intensity. Therefore the approximatignec r=2 could be too
around the point sourc€oo = 1.2 - cirr3Jy. Ivezic & Elitzur - simple, actually only mirroring average properties. Suh (1997)
(1995), have shown that long-wavelength IRAS point soureg@d Silva et al. (1998) have indeed shown that a narrow region
fluxes are unreliable whegirr3 2 (1 - 5) - Fgo. Basing on this, of enhanced density, caused by a super-wind phasgds&
it is possible to clean the sample by removing all the sourcggisnberner 2000) travelling across the envelope, could be the
with S22 > a, where 1< a < 5. In Fig. 13 are shown the samecause of a large spread in the two color diagram. We plan to
data of Fig. 12 but in which all stars witfféfsr—o3 2 3 have been examine this problem in a forthcoming study.
removed. Now the theoretical colors much better reproduce the NIR colors. We also compare our theoretical colors in
observed ones. In general at increasing the cirrus correction,tiear IR, such asJ[- H], [H — K] and [K — L] with the data in
agreement between theory and data improves, but too few stasssame pass-bands for a sample of O- and C-stars. The com-
are left over and the comparison loses statistical significancgarison is shown in Figs. 14 and 15. Three groups of AGB stars
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] ] ) Fig. 15. The two color diagramK — L] vs. [J — K]. The sources of
Fig. 14.The two color diagramHl — K] vs. [J — H] derived from the 4ata and AGB models are the same as in Fig. 14.
new models of AGB stars. The colors of the MRl and Mira stars

are taken from Lepine et al. (1995), Xiong et al. (1994), Olivier et al.
(2001), Whitelock & Feast (1994) whereas those of the C-stars are de-

rived from Epchtein et al. (1990), Guglielmo et al. (1993, 1997, 1998), ) ]
Olivier et al. (2001). All the data are properly corrected for extind?hotometric data of these clusters, are derived fron2MASS

tion. In particular, for the database of Lepine et al. (1995), the infrar&econd Incremental Data Released the companioimage
data have been corrected with a new model of extinction (J. R. Atlas that contains about 1.9 millions of images J H
Lepine, private communication). The dotted-dashed, solid and daslagttl Ks bands. The integrated magnitudgsH; and K; have
lines show three groups of AGB stars with age of 0.25, 5 and 9 Giyeen calculated by Pretto (2002) and kindly made available
respectively. to us. Finally, in order to compare our SSPs with those by
Mouhcine & Lanon (2002), we consider also the integrated
IR colors for LMC and SMC clusters by Persson et al. (1983)
are shown: massive objects (the SSP of 0.2 Gyr, dotted dasheeld by Mouhcine & Layan (2002).
line), intermediate mass AGB stars (the SSP of 5 Gyr, solid The series of Figs. 16—-18 show the plands-[H] vs.
line), and low-mass AGB stars (the 9.5 Gyr SSP, dashed linf). - K], [V = K] vs. [H = K], and [V - K] vs. [J-K], re-
While the classical models for AGB stars are confined in spectively. In each diagram we display the data of Persson
small region and thus fail to match the data, the new modeisal. (1983) for LMC (open circles) and SMC (filled circles)
with the dusty shells stretch across the whole region crowdeldsters, the LMC clusters calculated by Pretto (2002) (open
by the observational data. Both in th&f H], [H — K] and in  squares), the SSPs by Mouhcine & Lanc(2002), the old
the [J - K], [K — L] two color diagrams the fit is good, even ifSSPs by Tantalo (1998), and the new ones of this study. The
we still have some problem to fit the data of O stars. As notic&8SPs of Mouhcine & Layan (2002) and Tantalo (1998) on
by Silva et al. (1998), problems in the fit could be due to trdisplay span an age range from @0 Myr (the first ages at
atmospheric models adopted for the M type spectra. which the AGB contribution is significant) to 15 Gyr and are
Star clusters It might be worth of interest to compare thdor the metallicitiesZ = 0.008, andZ = 0.02. The new SSPs
integrated broad-band colors of the SSPs whose AGB stars$an the same range of ages and metallicities.
enshrouded in the dust shell to those of a sample of star clus-Looking at Figs. 16—18 we note that both classical and
ters. To this aim we have looked at the young globular clustarew SSPs generally agree with the data, even if in the
of the Large and Small Magellanic Clouds (LMC and SM{J — H] vs. [H - K] and [V - K] vs. [H — K] diagrams old
respectively). Pietrzynski & Udalski (2000) have presented a§&Ps span a narrower range iH f K] and are too red
determinations for about 600 star clusters belonging to the cém-[J — H]. In contrast the new SSPs have bluer-{H]
tral part of the LMC. These clusters are younger than 1.2 Gamd [V — K] colors. Although the agreement is better than with
and therefore the majority of them belong to the age rantje old SSPs, it is not yet satisfactory. An additional shift to
in which the AGB phase can develop significantly contribubluer [J — H] and [H — K] is required. This would imply that
ing to the integrated light of the cluster. Out of the catdhe slope of the SSP SEDs ought to become steeper passing
log, we have selected a small sample in which the contribibem the J to the K pass-band than allowed by the present
tion to the total light by AGB stars is particularly strong. Thenodels. Finally the SSPs by Mouhcine & Lamc (2002)



L. Piovan et al.: Shells of dust around AGB stars 575

0.8 54 I I I
AT ol
° 3.2 - ‘ ]
L a 3 — —
i - .

| '\Q'/ | 28 |-
R L |
7 1 | |
sl él/ \ | 26 1
: Y i
‘ / 0 L O _
/ 7 // = 2.4
o) 3 /Oy E i b
N {xl,' L2 oe -
= i — - [ g
L | oL ]
L 0 |
- 1 18 |- © Yo 5 -
Sl ° . i
0.4 |- - ©r o i
1.4 — —
- 4 L 1,7 4
7

12 / -
L ® ] r b
| | ) | | 1= | C\> | \. | | 1

~0.1 0 0.1 0.2 0.3 —-0.1 0 0.1 0.2 0.3

[H-K] [H-K]

Fig. 16. The two color diagramJ - H] vs. [H — K] for young star Fig. 17. The two color diagramV{f — K] vs. [H — K] in the near IR.
clusters of the Magellanic Clouds. The open circles are the LMC clukbe meaning of the symbols is the same as in Fig. 16.

ters selected by Mouhcine & Laon (2002) from the catalog of
Persson et al. (1983), whereas the filled circles are the same but for3 B
SMC clusters. The open squares are a few LMC clusters whose IRcol- |
ors have been derived by Pretto (2002) using the data c2M&SS 3.2
Second Incremental Data Released companiorimage Atlas(see

the text for more details). All the data have been properly reddening
corrected. The lines show the color range spanned by SSPfafdi 2.8
ent metallicity and physical input: the thin and thick dashed lines are r
the SSPs of Muhcine & Lanon (2002) respectively fofZ = 0.02 B
andZ = 0.008; the thin and thick long-dashed lines are 8&Ps for 24
Z = 0.02 andZ = 0.008; finally the thin and thick solid lines in the up-¢' r
per part of the diagram are the old SSPs by Tantt988) forZ = 0.02  » 22 [
andZ = 0.008. The age of alBSPs is from 100150 Myr to 15 Gyr. o

1.8 —

1.6 —
extend toward bluer colors than the other SSPs. A possible ex [ © ,//i ]
planation of this unsatisfactory fit is that the theoretical models 1.2 7
of M giants are not yet able to reproduce the empirical spec- [ O o
tra of O and C stars used by Lant& Mouhcine (2002). It is 04 06 08 1 1o
worth recalling that the ultimate reason of the good agreement [J-K]
achieved by Lapen & Mouhcine (2002) models is the adoption _ )
of empirical spectra. More work is required to improve the th&!9: 18- The two color diagramf — K] vs. [J - K]in the near IR. The

. . . .meaning of the symbols is the same as in Fig. 16.
oretical spectra of O and C-stars to be included in population

synthesis studies.

Temporal evolution. Finally we look at the temporal evo-
lution of our theoretical colors. This is shown in Figs. 19 and Zhally those of the SSPs by Mouhcine & Lac(2002). The
for the colors P — H], [J - K] and |V — K]. Figure 19 is for the following remarks can be made:
metallicity Z = 0.008, whereas Fig. 20 is f& = 0.020. The (i) The IR colors of the old SSPs by Tantalo (1998Feti
age range goes from the time at which the first AGB stars drem those of Girardi et al. (2002) and also from those of the
formed up to very old ages when the contribution of AGB stagfesent study.
to the integrated flux gets very low. For the sake of compar- (ii) The IR colors of the new SSPs marginally agree with
ison we show also the colors of the classical SSPs by Tanttie semiempirical ones by Mouhcine & Lamc(2002). In par-
(1998) and Girardi et al. (2002) — these latter are based on mticelar we note that the IR colors are in good mutual agree-
recent stellar models calculations and stellar libraries — amnt for ages older than about 1 Gyr, whereas for younger
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Fig. 19. The integrated colorsJ[- H], [J- K], and and ¥/ — K] as  Fig. 20. The integrated colorJ- H], [J - K], and and ¥ — K] as
function of the age in the range 0.1 to 20 Gyr for SSPs ®ith0.008. function of the age in the range 0.1 to 20 Gyr for SSPs &ith 0.02.
The dashed lines are the old SSPs by Tanta®98). The thick solid The meaning of the symbols is the same of Fig. 19.

lines are the SSPs of this study for the same metallicity. The dotted
lines are the correspondir®SPs by Girardi et al2002). Finally, the
thick long dashed line shows the SSPs ajMcine & Lanon (2002)

Models of AGB starsTherefore, the cause of disagreement
for Z = 0.008.

in the IR colors of Figs. 19 and 20 could be in théfelient
models for the AGB phase:
ages, where the contribution of AGB stars is important, they (a) Mass-loss.The first important parameter to look at is
can significantly dier. the rate of mass-loss. The SSPs of Girardi et al. (2002), Tantalo
(iii) Finally, it is worth noticing that IR colors from dierent (1998) and of our study stand on the Vassiliadis & Wood (1993)
sources fier an embarrassing picture. Those of Girardi et girescription (super-wind included), but for the delay correction
(2002) are redder than any other, except for the K] bump proposed by Vassiliadis & Wood (1993) which is not included
in Mouhcine & Lanon (2002) at about 1 Gyr. The colors ofin Girardi et al. (2002). Thefect of mass-loss has therefore
Tantalo (1998) are bluer than those of Girardi et al. (2002) afiile influence on the colors fierence.
corrected for dustféect surprisingly they get even bluer, with  (b) Path in the HRDAnother source of disagreement could
some exceptions. So, the colors of Girardi et al. (2002), Tantdde the distribution of AGB stars in the HR-diagram. To this
(1998) and ours form a sequence from red to blue colors ttz@in we compare in top panel of Fig. 21 the locus predicted by
deserves a careful analysis. First of all we have to clarify thieree sets of isochront&SPs, i.e. Bertelli et al. (1994), Tantalo
difference between Tantalo (1998) and Girardi et al. (200@)998) and Girardi et al. (2002). The comparison is limited to
without shells of dust. the age of 0.3 Gyr and solar metallicitg ¢ 0.02). At this age
Spectral libraries.A plausible cause of disagreement bethe contribution of the AGB to IR colors is important and the
tween Girardi et al. (2002) IR colors and Tantalo (1998) couttifference among the sources of IR colors is stronger. We note
be the diferent libraries of stellar spectra in usage. Girardihat while the Girardi et al. (2002) and Bertelli et al. (1994)
et al. (2002) have adopted a library in which some empiAGB is a straight line (the one of Girardi et al. 2002, is even
cal spectra for M giant stars are included (see Girardi et hluer and fainter than Bertelli et al. 1994), the AGB of Tantalo
2002, for all details). Tantalo (1998) and this study adopt t{&998) first coincides with Bertelli et al. (1994) and eventu-
Lejeune et al. (1998) library in which purely theoretical speally bends to coolefs. All this can be explained by the
tra (even for M-type stars) are included. To check tfiect of slightly different physics adopted in the underlying stellar mod-
different spectral libraries we have taken the isochif@%8s els. Girardi et al. (2002) adopt the same rate of mass-loss as in
of Girardi et al. (2002) and recalculated the IR colors usinfantalo (1998) but a higher mixing length parameter compared
both the Girardi et al. (2002) and Lejeune et al. (1998) lto Bertelli et al. (1994) and Tantalo (1998). The higher mixing
braries. The results are compared in the bottom panel of Fig.l2hgth given by Girardi et al. (2002) is the result of the lower,
limited to the case of theJ[- H] color. Assigned the set of more recent opacities, and the calibration of their stellar mod-
isochronetSSPs, no significant flerence arises passing fronels on the Sun (see Girardi et al. 2002, for all details). Bertelli
the library of Girardi et al. (2002) to that of Lejeune et alet al. (1994) and Tantalo (1998) used the same stellar models
(1998). and mixing length in turn, but adoptedidirent expressions for
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Fig. 21. Upper panel: comparison between the AGB of variousig.22.The flux emitted by a SSP with solar metallicEy= 0.02 and
isochrones set. We plot the AGB for old Bertelli et al. (1994&ge of 0.3 Gyr from the stars infiérent evolutionary stages. We split
isochrones (filled triangles), Tantalo (1998) isochrones used in tiiig contribution to the total flux into five phases: main sequence (TO),
work (open stars), new Girardi et al. (2002) isochrones (filled squarefspm TO until RGB tip (T-RGB), horizontal branch (HB), asymptotic
Lower panel: comparison betweed f H] colors of Girardi et al. giant branch (AGB) and finally planetary nebulae (PN) that are not
(2002) SSPs calculated with Girardi et aRq02) library of stellar represented for the sake of clarity. The dashed lines are for the Tantalo
spectra and with Lejeune et al. (1998) theoretical library. (1998) SSP, whereas the solid lines are same but for the SSP of Girardi
etal. (2002).

the mass-loss rate and the relationship connecting luminosity,
Ter and core mass (0z¢-Mc). The rate of mass-loss adopted
by Bertelli et al. (1994) is indeed lower than the one used Ipalysis owing to the very short lifetime). Lumping together
Tantalo (1998). This explains why their AGB phase extenddl stages up to HeB we note that the cumulative flux pre-
to bright luminosities. The (IFe-Mc) relationship adopted by dicted by Girardi et al. (2002) is lower than that predicted by
Bertelli et al. (1994) stand on the previous studies by Berteflantalo (1998). The situation is reversed at the final step when
et al. (1990) and Groenewegen & de Jong (1993), whereas fifigt contribution from AGB inclusion stars is added: Girardi
used by Tantalo (1998) incorporates the TP-AGB models Byal. (2002) SSPs have higher fluxes than Tantalo (1998). This
Marigo et al. (1996). This accounts for theffdrent slope in means that a higher percentage of AGB stars is predicted by
the HR-diagram of the late AGB phase passing from Berteffirardi et al. (2002). The result is confirmed by looking at the
et al. (1994) to Tantalo (1998). Incidentally the Tkr-Mc) tabulations of the integral of the IMF along the isochrones,
relationship adopted by Girardi et al. (2002) is much simihe so called FLUM defined by Bertelli et al. (1994) to whom
lar to that of Bertelli et al. (1994). The féiérent path in the the reader should refer for details. The reason of it is the kind
HR-diagram bears very much on the final IR colors, becaugk(L-Ter-Mc) relationship adopted by Girardi et al. (2002)
cooler AGB stars should imply more flux at longer IR wavewhich ultimately drives the evolutionary rate (relative number
lengths, so that a blued[- H] color is expected: indeed weOf stars) during the AGB phase. So, we can conclude that the
have that very cool AGB stars by Tantalo (1998) yield blu@ombined éect of the path in the HRD and the relative number
[J — H] colors, whereas the hotter AGB stars by Girardi et af AGB explain the redder colors of Girardi et al. (2002).
(2002) yield redder colors. Effects of dust-inally, there is a fundamental question to be
(c) Number of AGB starsFinally, the relative number clarified. Why the inclusion of AGB dusty shells on the Tantalo
of AGB in a SSP must surely play a role. To probe this e{1998) isochrongSSPs makes their IR colors bluer than those
fect, in Fig. 22 we plot for the SSP with solar metallicity andf Girardi et al. (2002) instead of making them redder? The ex-
age of 0.3 Gyr the cumulative contribution to the total fluplanation can be found in thdfect of the shells of dust on the
by stars in diferent evolutionary stages. Five steps are costellar radiation of AGB stars. Dust shifts the flux framH
sidered: up to turn4® (TO), from the turn-& up to the tip of andK bands to longer wavelengths, but in general fieat is
the RGB (T-RGB), from this up to the end of the He-burningtronger at the shorter wavelengtds@nd) than at the longer
phase (HeB), and from this up the end of the AGB (AGBQnes K band). More flux is driven away from the shorter wave-
and finally the last phase leading to the formation of Planetdengths than the longer ones and this shift tends to increase the
Nebulae and White Dwarf (this latter is not included in oud magnitude more than theé andK magnitudes.
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