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Abstract. We describe a large grid of photometric properties of single stellar populations that focuses on the near infrared
properties of intermediate age populations. The underlying model was presented in recent articles, where we compared its
predictions with observations of properties of star clusters and of asymptotic giant branch populations of Local Group galaxies.
The grid is made available in tabular form. We present the time evolution of optical and near-infrared broadband colours in the
BVIJHK passbands, with ages ranging from 50 Myr to 15 Gyr, and for initial chemical composificn90004,Y = 0.23],

[z = 0.004,Y = 0.24], [Z = 0.008,Y = 0.25], [Z = 0.02,Y = 0.28], and £ = 0.05,Y = 0.352]. The evolution of the

stellar mass-to-light ratio in th€ and K passbands is also provided. All the stellar models are followed from the zero age
main sequence (ZAMS) to the central carbon ignition for massive stars, or to the end of the thermally pulsing regime of the
asymptotic giant branch phase (TP-AGB) for low and intermediate mass stars. Calculations of other quantities are possible
upon request.
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1. Introduction Both for the study of clusters and as simple components of

- . o more complex star formation histories, it is necessary to study
Predicting the |nt.egratled spgctral energy dlgtrlbutlons (.SE[% 29 evolution of broad band photometric properties of stellar
of stellar populations is an important issue in the solution pulations formed within a very short timescale, the so-called

r_nanyfproblelms n a_lstrono[)ny, frlom_ deterdmlﬂlngl\]/l_tlrlle \5>Vr0p ingle Stellar Populations (SSPs hereafter). It is also necessary
tes o _star clusters in nearby galaxies an t_ e Milky Way, {8 investigate how this evolution isfacted by metallicity.
modelling the star formation history of galaxies at cosmolog-

ical distances. A huge amount of spectrophotometric data is
already available in the literature, and more will become avail- The subject of population synthesis has a long history,
able in the near future (for instance through the Sloan Digitahd is an active area of research: synthesis techniques and
Sky Survey or the 6dF survey). Synthetic SEDs will be used eoany of the input data (stellar evolutionary tracks, spectral
tensively to achieve the scientific goals of these observatiokifiraries, properties of interstellar medium, etc.) continue to
programs. be improved. Successive generations of modelers have com-
Colour distributions of star clusters have been observed fjped the best available knowledge on the ingredients of pop-
large numbers of galaxies with firent morphologies (Zepf ulation synthesis models to predict the appearance of the com-
& Ashman 1993; Schweizer et al. 1996; Forbes et al. 200@ined light of generations of stars (Tinsley 1980; Bruzual 1983;
Whitmore et al. 2002). An important issue of modern astrd\fimoto & Yoshii 1987; Charlot & Bruzual 1991; Bertelli
physics concerns the interpretation of those distributions in &L al. 1994; Lanon & Rocca-Volmerange 1996; Fioc &
lation to the formation histories of their parent galaxies. THRocca-Volmerange 1997; Kurth et al. 1999; Leitherer et al.
determination of ages and metallicities of the star clusters}g99; Girardi et al. 2000). Nevertheless the actual under-
needed to address such questions. In the quest for large s&@2ding of near-infrared properties has remained a subject
ples of star clusters, the magnitude limits for spectroscopic iff debate, in particular at intermediate ages, between 0.1
vestigations are rapidly exceeded, and the desired fundam@pd 2-3Gyr (Girardi & Bertelli 1998; Maraston 1998). The

tal properties must be determined from broad band coloufd@in culprits are the luminous asymptotic giant branch stars
(AGB stars). Fundamental fticulties are faced in the accu-

Send gfprint requests toM. Mouhcine, rate modelling of their evolution (convection, rapid structural
e-mail:mouhcine@astro.ucla.edu modifications in thermal pulses, pulsation modes, mass loss)
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and their spectra (non-static extended atmospheres, hundpdsious papers of the series. We briefly conclude in Sect. 4.
of millions of molecular lines), and maintain the debate aliveThe photometric properties of the SSPs are available in digital
Our group has recently published a series of papers stuftyrm through CD$, or directly from the authors.
ing the spectrophotometric properties and the star number
counts in intermediate age stellar populations (Mouhcine & -
Langn 2002; Mouhcine & Lapan 2003; Lanon & Mouhcine 2+ Model description
2002; Mouhcine et al. 2002; Mouhcine 2002; hereafter, respect  stellar evolution
tively, Papers | through V). One main purpose of this series was
to provide aglobal framework for the study of the various ob-The library of evolutionary tracks used in the population syn-
servational aspects of evolved stars in intermediate age poigsis model from the main sequence to the end of the early-
lations, ranging from their contribution to the integrated lighf?GB phase is based on the computations of Bressan et al.
to the statistical weights of their carbon-rich and oxygen-ri¢993) and Fagotto et al. (1994a—c). We will refer to these sets
representatives, and also accounting for their contributionas the Padova tracks hereafter.
the chemical evolution of a system. We found that our models As we are focusing on the near-infrared properties of inter-
were successful in reproducing average properties of star cliiediate age stellar populations, the accurate inclusion of the
ters as well as of the resolved AGB populations of star fieldslatest evolutionary phase of low and intermediate mass stars,
Local Group galaxies. The main step forward with these mddough the luminous double-shell burning regime at the end
els, when compared to our previous generation of calculatig?fghe AGB, is crucial. We have followed the evolution through
(Lanwon et al. 1999), is a more complete inclusion of the phy#his particular phase using an analytical approach known as
ical phenomena governing the evolution through the doubRynthetic evolution modelling (Iben & Truran 1978; Renzini &
shell burning phase of the AGB, known as the the ThermaMpli 1981; Groenewegen & de Jong 1993; Marigo et al. 1996).
Pulsing Asymptotic Giant Branch (TP-AGB). From the poinfhe model is described in detail in Papers I and I, and the
of view of stellar population synthesis, two of the most impofeader is referred to that work for more details. In the follow-
tant of these processes are the third dredge-up and envelfgewe simply summarize the basic points. Note that post-AGB
burning episodes that can accompany thermal pulses. Only febases are not included in the model at this stage. Their contri-
of the widely used SSP models account for these processes Wikon to optical and near-infrared fluxes is negligible (Bressan
modern prescriptions. A recent set of complete isochrones v@igl. 1994).
provided by Marigo & Girardi (2001). Because spectrophoto- The initial conditions for the TP-AGB are taken directly
metric properties of input library stars areffitiult to relate to from Padova tracks for fierent masses and metallicities. The
a precise location on theoretical isochrones (due in particutatal mass ), core mass, féective temperatureTgy), the lu-
to pulsation and to the model-dependent nature of ffective minosity (L), and the envelope chemical abundances of the
temperature definitions of cool stars; see Paper Ill), we chodBedels are then let to evolve according to analytical prescrip-
to directly provide colours and luminosities of SSPs here.  tions, of which the major ones provide:
AGB stars are known to befficient tracers of intermedi- . )
ate age stellar populations (Menzies et al. 2002; Demers % the core mass-!ummosny reIa’qon;
Battinelli 2002). Their presence in a stellar population leads e core mass-interpulse relation;
red integrated colours, particularly in the near-infrared part of e Core mass evolutionary rate;
the spectrum where these cool stars emit the bulk of their IighAt: an approxmate_fﬁactwe temperat_ure;
This was highlighted in early observations of star clusters - the dfect of addltlonaI_CNO burning that may occurs at the
the Magellanic Clouds (Persson et al. 1983). The inclusion of bottpm of the convective envelope; )
complex physical processes that strongfieet the evolution 6. the mstantanet_)us mass loss rate by stellar winds;
through the TP-AGB (envelope burning, the development df the €fects of third dredge-up; ,
a superwind, the “third dredge-up” episodes) has turned ofit the composition of the third dredge-up material;
to be crucial to match a variety of observational constraints the termination of the TP-AGB phase.

(see Paper|). The grid presented here provides integrated pfi9s reations (1) and (2) adopted here take into account the
tometric properties of SSPs calculated for a wide range of a ct of metallicity and the envelope burning on the instan-
and initial chemical compositions. It is optimized for studyinganeous luminosity of a star (Wagenhuber & Groenewegen

the near infrared properties of intermediate age stellar populgg) The inclusion of the third dredge-up process has a sig-
tions. We recall that these properties can be stronfilsCted ificant afect on determining the evolution of the stellar core

by s_tochastic fluctuations when th_e populations under con ass along the TP-AGB, and hence the initial mass-final mass
eration are small (Lamn & Mouhcine 2000; Bruzual 2002): relation. The recurrence of the dredge-up events during this

the values given here refer to the limit of large numbers of St%\%lutionary phase keeps the core mass close to its value at

(in practice, more than10° stars). gr;e beginning of the TP-AGB phase, in agreement with em-

. The paperis str_uctured as follows. In Sect. 2, we pre_sent_ cal determinations of white dwarf masses. Third dredge-up
input stellar evolution models, and the stellar spectral librari fd envelope burning play a role in the formation of carbon
adopted to convert the theoretical HR diagram into integrated

magnitudes and colours. In Sect. 3 we then highlight specifi¢ Centre de Doneés astrophysiques de Strasbourg,
aspects of the predictions that have not been emphasized inhtw: //cdsarc.u-strasbg. fr/CDS.html
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stars, which dominate the emission of AGB populations at lohhe value of the exponent is observationally still contro-

metallicity (Frogel et al. 1990). versial. For the main tables of this paper we use the standard
The final calculations are performed using a mixing lengtbalpeter (1955) IMF withx = 1.35. The adopted lower and

parametere = 2, Blocker’s (1995) mass loss prescriptioupper mass cutfts areMmin = 0.1 Mg andMmax = 120Mg.

(M = 6.13x 1045 L*2T 2M~31, with a mass lossfciency The SSP models are single metallicity single burst models

n = 0.1), dredge-upféiciencyd = 0.75, and the critical core where star formation occurs at age 0. The extent of the duration

mass to trigger the third dredge-dfa. = 0.58 M. This set of of the initial burst, as long as it does not exceed a few Myr, does

parameters is shown in Mouhcine & Lamc(2002 a,b) to pro- not dtect the properties of the stellar population at intermediate

duce satisfactory agreement with average properties obseraed old ages.

in stellar populations of nearby galaxies. The set might not be

unique, but_ it is suitable f_or further studies of similar statlstlc%l_ Results

properties in other galaxies.

The photometric properties of the synthetic SSPs are obtained

. . by convolving their integrated spectra with the response func-

2.2. Stellar libraries tion of each passband. The response functions are taken from

Stellar libraries are needed to assign SEDs to the stars of B&ssell (1990) for theBVI photometry and Bessell & Brett
synthetic populations. For stars evolving through evolutionat¥988) for JHK photometry. Vega sets the zero point of all
phases other than the TP-AGB, we have used the theoretk@lpurs. If requested, SSPs can be calculated for other photo-
stellar atmospheres of Kurucz (see Kurucz 1979), Fluks et @etric systems.
(1994) and Bessell et al. (1989, 1991), as collected and re-
calibrated by Lejeu_ne et al. (1997, 1998). This library has t_'?’fl. Colours
advantage of covering a broad range of temperatures, gravities
and metallicities. Figurel shows the time evolution of selected broad-band
Most TP-AGB stars are variable. They have cool extendéglours as function of time, for all the SSP metallicities con-
atmospheres in which molecules and dust may form, leadingsigered.
specific spectral features and SEDs. M type TP-AGB stars dis- The figure shows that the colours increase gradually to red-
play deep water vapour absorption bands. In carbon stars, @ values as the stellar populations age. Ror(K), it il-
and G absorption bands are dominant and their location in théstrates that the presence of AGB stars does not immediately
middle of traditional photometric passbands strongieets translate into a abrupt jump of the integrated colours to the red,
colours. To account for the specific properties of TP-AGB stafdit that this transition is smooth (for more detail see Paper|,
we used the empirical library of average spectra of Paper Ilisee also Girardi & Bertelli 1998). This generic behavior of
As discussed in Paper IlI, thefect of metallicity on the (V — K) is similar at all metallicities.
spectra of M type TP-AGB stars is unclear. At low spectral Purely near-infrared coloursl(- H andH - K) have a
resolution, the shapes of the SEDs of stars in the Large d#fticular behavior, especially for metal-poor stellar popula-
Small Magellanic Clouds (Laoen & Wood 2000) and near tions. Indeed those colours increase smoothly up to the age
the Galactic Centre (Schultheis et al. 2002) show no strikigd 0.7-0.8 Gyr, but decrease for older stellar populations up
systematic dferences with the shapes observed in the Solgran age of 5-2 Gyr. For older ages the purely near-infrared
Neighbourhood sample. One tends to find warmer stars at lowefours are almost constant over several Gyrs. The short mi-
metallicities and cooler stars at higher ones, but in this trendJitation of the colours to the red at log(age) 9.15 is due to
is difficult to disentangle thefects of interior opacities (which @ temporarily enhancement of the AGB star birth rate which
determine the evolution of;) and of the detailed opacitiesoccurs as the RGB develops (see Girardi & Bertelli 1998). For
in the atmospheres (which contribute to determining coloursjellar populations older thas2 Gyr the changes in colours be-
Red giant atmosphere models indicate that at a gifiettive Come very slow. The evolution of near-infrared colours of old
temperatureTs) stars with a higher metal content have reddétellar populations reflects the sensitivity to the metallicity.
colours. In the present isochrones, thEeet of metallicity on Itis instructive to compare the predictions oftérent mod-
TP-AGB star spectra, at a giveffective temperature, is taken€ls with each other and with data: at intermediate ages, large
into account to first order only, by adopting the metallicitydifferences between models exist. We focus on the evolution

dependent relation betwediy; and ( — K) of Bessell et al. of (V — K), which is strongly sensitive to the contribution
(1991). of AGB stars both to th&-band light and to the bolometric

light. Models and data are overlaid in the colour-colour dia-
. ) gram {V — K) — (B — V), which is used more and more in the
2.3. Parameters of the isochrone populations literature for rough age and metallicity estimates of stellar pop-

Once the physical parameters of the input databases are Wations (Peletier & Balcells 1996; Puzia et al. 2002; Kissler-

fined, the only free parameters of a synthetic SSP are those ff@fig et al. 2002).& - V) can be taken as the primary age
describe the initial mass function (IMF). indicator because it is comparatively well understood and not

The IMF can be expressed as: sensitive to the presence of very cool stars.
Systematic dferences in ¥ — K) of up to ~0.2mag
#(m)dm = dN/dlogm o« m & dm, (1) may arise from the colours of the library stars, through the
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log age(yrs) log age(yrs)

0.8 =
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Fig. 1. The time evolution of integrated colourg ¢ 1), (V — K), (J - H), and H — K) as a function of age, for the metallicity grid presented in
this paper (solid lineZ = 0.05, dottedZ = 0.02, short-dashed = 0.008, long-dashed = 0.004, and dot-dashed lin&:= 0.0004).

temperature dependence of tieband bolometric correction, evolution is based on the prescription of Groenewegen &
BCk and the uncertainties on AGB temperature scales (@anale Jong (1993), which does not account for envelope burn-
& Mouhcine 2002). Models that predict a larger AGB contriing in the luminosity evolution and therefore overestimates the
bution, and thus produce redder values 6f« K), will also duration of the TP-AGB for stars with initial masses above
produce redder near-IR colours as well since AGB stars are tH25M. In the other model series (including the one of this
coolest stellar component. BQs similar for carbon stars andpaper), the contribution of TP-AGB stars to the light increases
O-rich ones, but a stronger relative contribution of carbon stgmogressively, peaking at older ages(al Gyr).

will lead to a redder value o0(- K). In all models but M98, theféect of going from LMC to so-

Our predictions forZ = 0.02 andZ = 0.008 are dis- |ar metallicity is to produce slightly redde¥ (- K) colours at
played in Flg 2, togethel’ with data for intermediate mass Cll&given B _ V) The dfect is small because of the degeneracy
ters of the LMC and for the massive clusters of NGC 72%tween age and meta|||c|ty Wh@‘]increaseS, botha_ V)
(from Maraston et al. 2001). For comparison, Fig. 3 shows thfd {/ — K) in general become redder, and the displacement in
corresponding plots for the SSP models of Marigo & Girarghe two-colour diagram is grossly parallel to the path of evo-
(2001, MGO1), the latest version of the models of Bruzual ftion. The relative locations of the two curves are marginally
Charlot (BC02j, Maraston (1998, M98), and Fioc & Roccasignificant in view of the many éierences in the model inputs.
Volmerange (1997, FR97). Other models are available in thet ys take a few examples. As discussed by Maraston et al.
literature, however they generally use isochrones from one©601), the TP-AGB contributions to the bolometric light are
the above or earlier versions thereof (Vazdekis et al. 1996; Kgfiasi-identical at the two metallicities in M98, and the colour
et al. 1999; Schulz et al. 2002), or don't include the TP-AGHifference results from the higheffieiency of carbon star for-
evolutionary phase (Leitherer et al. 1999). mation at loweZ and from the redder colours adopted for these

The models of FR97 illustrate the abrupt changevr-(K)  stars. In our models, the relative contributions of TP-AGB stars
predicted as TP-AGB stars first appear (at agesifio Myr) to the bolometric luminosity of an SSP is only slightly higher

when envelope burning is neglected. Indeed, their TP-AGR solar metallicity (Paper I). The metallicity dependence of
the dficiency of carbon star formation, though based dfedi

ent calculations, scale similarly to that of M98. The adopted
2 Private communication. See description in Liu et al. (2000).  colours for TP-AGB stars participate in defining the relative
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3.2. The stellar mass-to-light ratio

The stellar mass-to-light ratio is of crucial importance in stud-
ies of the star formation and the dynamical evolution of young
and intermediate age populations in starburst and post-starburst
galaxies (Smith & Gallagher 2000; Mengel et al. 2001; Silva &
Bothun 1998), as well as in the determination of cosmological
parameters with galaxies as standard candles (Papovich et al.
2001). Rather than bolometric light, what matters is usually the
luminosity in photometric passbands.
At any age, the stellar population is composed of stars that
- 7.=0.008 | contribute to the light budget and others that do not. To calcu-
- / ] late the total stellar mass, we account for the contributions of
I | & / E(B-V)=0.06 A both sub-populations. The production rate of dstedlar rem-
15 NI nants is a function of the stellar population age but also on
0 0.2 0.4 0.6 0.8 1 the adopted IMF. For massive stars we have used metallicity-
BV dependent remnant masses of Portinari et al. (1998). Their es-
Fig. 2.V - K vs. B -V two-colour diagram. The solid dots with errortimates have the advantage of accounting for the mass-loss via
bars correspond to the star clusters in the merger remnant NGC 7Bg2h stellar winds and supernovae explosions. We have used
compiled by Maraston et al. (2001). The triangles represent LM§ur synthetic evolution models (see Sect.?2) to estimate the
globular clusters with SWB type between 3 and 5.5 (Searle et fetallicity-dependent remnant masses of low- and intermedi-
1980). B — V comes from van den Bergh (1981) akd- K from ate mass stars.

P_ersson et al_. (1983). The typica_l error bar for LMC cluster_s is in- Figure 4 shows the evolution of stellar mass-to-light ratios
dicated. The lines show the evolution of the SSP models of this paper, .
for ages ranging from 50 Myr to 15 Gyr. or theV-band, theK-band, and_the bolome_tr_K_: lightas a fgr_m-
tion of age for the adopted grid of metallicities. The striking
feature in this figure is that the metallicity-dependencelpk
has opposite trends in optical and in near-IR passbands (see
also Worthey 1994). The higher the stellar population’s metal-
licity, the higher theM/L, ratios for optical passbands, but the
positions of the tracks (until TP-AGB stars rarefy and the rddwer the near-IRVI/L, ratios. The wavelength of reversal is
giant properties become dominant,Bt{V) 2 0.8). In the case near thel-band, where theffect of metallicity is negligible.

2.5 —

V-K
T

of MGO1, the relative positions of the curves neB+{) = 0.2 Also worth noting is the flattening of the evolution curve
is directly due the time evolution oB(- V), which, in these of M/Lx when the AGB stars appear in the stellar popula-
models, is temporarily redder for the low&r tion (8.2 < log(age)s 9.2). When TP-AGB stars are ignored,

Neither metallicity, nor uncertainties in the evolutioM/La increases monotonically. The flattening is due to the low
of (B—V) are sificient to explain the large fierences seen be-€ffective temperatures of TP-AGB stars. They emit a larger
tween the predictions of various authors. The colours adop{é@ction of their bolometric light in the near-infrared than their
for the coolest stars play a more important role. The interpl&ly AGB progenitors. The evolution ®f/Ly is not dfected
between the physical processes that determine the total am&rfhe inclusion of TP-AGB in the stellar population.
of light emission during the AGB is crucial. Our models are The mass and the predicted light budget of a stellar pop-
satisfactorily close to the data, although they tend to lie on tHtation are directly connected to its IMF, but also to the com-
red side of the\{ — K) data points for the younger clusters. pleteness of the stellar evolutionary phases accounted for in the
The models of M98 follow the data points well by construcmOde"ing' Itis desirable to dis_tinguish betw_een_thbets of
tion. In those models, the fuel consumption on the TP-pGHS IMF and the stellar evolutionary modelling in the evolu-
phase is set directly to match observed TP-AGB contribution'i'ﬁ’n Of_M/L‘ ratios. To this aim, we computed SEres of merIs
Magellanic Cloud clusters. This contrasts with the the approa h different IMFs. We considered the descriptions of Mlller
of the other groups of authors, who derive TP-AGB contriby- calo (197.9)’ Kroupa et al. (1993), and a dwarf-domlr)ated
tions from stellar evolution modellifg The models of BC02 MF (x = 1.9in Eq. (1)). The same mass cuffowere kept in
and FR97 are bluer in[~K) than the data for ages between 0.8!l cases Mmin = 0.1, Mz = 120).
and 1 Gyr, while those of MGO1 are systematically too red. In 1N left panel of Fig. 5 shows theffects of the IMF
the near future, stochastic simulations will give more insigff! M/Lx andM/Ly for solar metallicity models. For compari-

into the ability of the various models to reproduce the observa@": the model predictions for the standard Salpeter IMF, with
dispersion in the data points (Bruzual 2002). and without TP-AGB stars, are also plotted. The models show

that for stellar populations in the age interval between 0.2 Gyr
up 1 Gyr, neglecting TP-AGB stars has dteet equivalent to
3 C. Maraston is preparing a new photometric predictions wifi increase in the IMF exponent, making the stellar population
modified library colours; the trends remain, but redder colours as€em dwarf-dominated. Théfect of TP-AGB stars oM/Lk
reached atB — V) = 0.6-0.7, private communication. increases with metallicity.
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Fig. 3. Similar to Fig. 2 but for dferent SSP models as indicated in each panel.
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Fig. 4. The evolution of stellar mass-to-light ratios fiérband (left),V-band (middle) and bolometric light (right). Metallicities are coded with
different line styles as in Fig. 1.

4. Summary A grid of models covering wide ranges in age (from 50 Myr
to 15 Gyr) and chemical composition (frodyZ, = 1/50 to
In this paper we have presented the photometric propertiesz0f = 25) has been constructed and submitted to observa-
new evolutionary synthesis models for SSPs. Those modgdhal test (Papers I, Il and IV). When compared with other
have been designed with a particular focus on the near-infrafgdent models in the literature, it provides one of the most sat-
wavelength range and on intermediate ages (0.1-3Gyr).  isfactory agreements with the empiricBHV)—(V —K) colours
To construct these models we have used recent and c@vgilable for star clusters.

plete sets of inputs: stellar evolutionary tracks including “K‘cknowledgementsNe are grateful to C. Maraston and S. Charlot
late post-main sequence phases that control the evolution of f&throviding us with their models in electronic form. We would like
colours, and stellar libraries accounting for the spectral featuteshank warmly diferent colleagues and friends, M. Fioc, M. A. T.

of late type stars. Indeed, a particular care was taken to moGedenewegen, C. Leitherer, D. Silva, J.-L. Vergely, for highlighting
the contribution of the TP-AGB stars to the total budget of théiscussions. We thank the anonymous referee for a careful reading
population light at dferent wavelength. and for requests that improved the paper.
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Fig. 5. Left effects of the IMF orM/Lx M/Ly compared to thefBect of TP-AGB stars, at solar metallicifgight effect of TP-AGB stars on the
K-band mass-to-light ratio for fierent metallicities as noted in the plots. Continuous lines show models where TP-AGB stars are accounted
for, while dotted lines show models where these stars are neglected.
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