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Abstract. In this review we address the uncertainties implicit in evoltion-
ary synthesis model computations. After describing the geseral structure of
synthesis codes, we discuss several source of uncertaistighat may a ect their
results. In particular, we discuss the uncertainties arisng in the computation of
isochrones from evolutionary tracks; those related to atmsphere models; those
that are a consequence of the incompleteness of the input imgdients; and those
associated with the computational aspect used in synthesisodes. We also dis-
cuss the issue of the inclusion of distributed properties insynthesis models, an
issue that will become relevant in the next future; as a paradgm of this case, we
illustrate the di culties implied by the inclusion of track s with rotation in syn-
thesis models. Finally, we describe several examples of thatatistical approach
to population synthesis.

We report on the failure of the fuel consumption theorem (FCT) and the
isochrone synthesis code to produce mutually consistent silts. However, we
argue that FCT and isochrone synthesis results are reliabldor application to
real systems in the wavelength range where they coincide.

On the constructive side, we derive several useful survivaktrategies to
bypass uncertainties. We show that single stellar populatbns at the turn-o
ages of the tabulated tracks can be safely compared, as theyescarcely a ected
by the interpolation scheme used to compute isochrones. Fally, we suggest to
use derivative quantities, such as the SN-rate, as bug detéars.

On the recommendation side, we advocate for greater transpancy and
more documentation in synthesis modeling. We also ask stelt model makers
to think of us and include more mass values in the tracks.

1. Introduction

Synthesis codes are used for a variety of scopes. Their goalnge from testing

the accuracy of evolutionary tracks to explaining the physcal characteristics of

distant galaxies, to measuring the extinction of outer galaies, or to computing

suitable inputs to photoionization models. They are a natural link between our

knowledge of individual stars and the properties of stellarensembles, and as
such they are an invaluable tool in the analysis of stellar ppulations.

Given this exibility, it is tempting to forget their limita  tions; yet an aware-
ness of the uncertainties a ecting the results of synthesiscodes is necessary if
one wants to take full advantage of their power. Limitations arise from di erent
issues. One is specialization: although, as a generic toadynthesis codes can
be used to address a variety of problems, each code is spedal in a particu-
lar niche of the general physical problem. Stretching the reult of a particular
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code out of its natural boundaries is a frequent mistake, andstatements like
"Everybody knows that the results of synthesis codes are cogldependent” are
unfortunate outcomes of code misuse. Other limitations area direct consequence
of the incompleteness of the ingredients used; still otherslepend on the features
of the numerical methods employed by the code. All these unctainties must
be known and understood whenever synthesis models are used.

In order to assess the uncertainties in stellar population gnthesis, it is
mandatory to understand what evolutionary synthesis codesdo, which their in-
gredients and their intrinsic assumptions are, how such assnptions are managed
by the codes, and to which situations the results of the codegsan be applied.
Following this scheme, the structure of this review is the fdlowing. We will rst
describe the general structure of any synthesis code in séoh XZJ] In section X3]
we will discuss the uncertainties and limitations of the ingedients and their im-
pact on the interpretation of the results; we include here anextensive discussion
of how isochrones can be obtained from evolutionary tracksand their associated
uncertainties. In section ¥4] we will discuss the problems related to numerical
methods. Section¥g] is devoted to the challenges posed by the inclusion of stel
lar rotation and variability in synthesis codes. In section X¥&] we will discuss the
interpretation of results and in section 7] we will draw the conclusions.

Before starting, let us apologize to those who expect to nd a extensive set
of references in this review. Most of the issues addressedrieeare also discussed
by other papers reporting on the results of particular evoldionary synthesis
codes, sometimes described at length and sometimes mentiedh in just a few
sentences. Instead of citing all these papers, we have chosé maintain the
number of references to a minimum preferring to discuss exhsstively the issues
related to the uncertainties in models. For more traditional reviews on synthesis
models we refer tol Marastoh (2003) and Popov & Prokhorav [(208). We also
refer to the papers byl Charlot et all (1996);/de Griis et al. (2003);|Anders et al.
(2004); de Grijs et all (2005), which discuss some issues thare not addressed
here.

2.  Overview of the problem

The general problem addressed by synthesis codes is the coatption of the
luminosity Lt emitted by an ensemble ofN; stars { a stellar population. From
a theoretical point of view, this problem can be characterizd in the following
basic ways.

If the luminosities °; of the individual stars are known, the total luminosity
Lt is obtained trivially as the sum of all the °; values:

Yot
Lot = i 1)
i=1

This circumstance is not very frequent; its most common exarples are Monte
Carlo synthetic clusters in the theoretical domain, and reslved stellar popula-
tions in the observational one.

In the more usual situation in which the luminosities of individual objects
are not known, a di erent approach must be adopted. In this case, it can be as-
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sumed that the emission of the ensemble is given by the sum ohe contributions
of N¢ass di erent classes of stars:

N)(Iass
Lot = Wi i (2)
i=1

each including a relative number of starsw; with average luminosity “j. A class
is formed by fairly homogeneous stars, a group of contiguouslasses can be
identi ed with a stellar evolutionary phase !, and the whole of classes represents
a particular ensemble of stars.

As will be explained in the following, the coe cients w; can be computed
with the results of stellar evolution and stellar atmospheres theories weighted
by the stellar birth-rate, a function returning the number o f stars of each given
initial mass born at a given time.

Stellar evolution theory describes the time evolution of malel stars. Its re-
sults are quantities in the theoretical space, e.g. the bolmetric luminosity Ly,
the e ective temperature T, , and so on. However, the results must be com-
pared with observable quantities, such as luminosities in ajiven band or spectral
indices. Hence, a transformation from the theoretical spae to the observational
one is required: this is the domain of the theory of stellar atnospheres. Such
transformation requires using a collection of templates ofthe emission of the
considered source (i.e. an atmosphere library). In mathemical terms, this
corresponds to de ning the observable quantity *; in terms of quantities in the
theoretical space, i.e.”i(Lpol; Te ;:5).

The stellar birth rate tells us how many stars with a given initial mass are
born in the cluster at a given time. It is often assumed (e.g.,Tinsley & Gunn
1976) that the stellar birth-rate can be separated into two functions independent
of each other: the Star Formation History (SFH), which gives the number of
stars born in a given time, and the Initial Mass Function (IMF ), which gives the
relative number of stars born as a function of the mass. This asumption, which
will be discussed brie y in ¥2Z3], is the strongestad hoc assumption of current
synthesis codesl(Share 2003).

Stellar evolution theory, stellar atmospheres theory and he stellar birth
rate are the basic input ingredients of evolutionary synthesis codes, which are
tools designed to solve Eq12. From the point of view of syntheis codes, these
input ingredients can be classi ed in two categories: inputdata and input pa-
rameters. Stellar tracks and model atmospheres, which areften included as
built-in libraries, are the input data. The stellar birth ra te and a few other
guantities, such as the lower and upper mass limits of the IMF the age and the
metallicity, are the input parameters, that is they are swit ches that tell the code
how to combine the input data to produce a model population. Usually, the

1Here we adopt the de nition of stellar evolutionary phase us ed in stellar evolutionary theory, i.e.
a particular stage of stellar evolution characterized by we ll-de ned structural features, usually
a given mode of nuclear burning: examples of evolutionary phases are the main sequence and
the red giant branch. We warn, however, that the expression ' stellar evolutionary phase' is
sometimes used more loosely in population synthesis literaure, indicating any of the arbitrarily
de ned classes of Eq.2.
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input data available to a given code are selected and contrééd by the author of
the code.

The general structure of synthesis codes is summarized in &i . Input
ingredients will be described in the next section.
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Figure 1.  General structure of evolutionary synthesis cods.

2.1. Evolutionary tracks and isochrones

The stellar models entering a synthesis code are made up of twdi erent parts:
evolutionary tracks and stellar atmospheres templates. Tk former describe
the inner structure and evolution of stars, and the latter th eir outer, radiation-
emitting layers. The computation of these two parts require completely dif-
ferent physics and is carried out by di erent codes: hence, wlutionary tracks
and model atmospheres or empirical libraries are providedeparately and then
coupled together in the synthesis code.

Evolutionary tracks are so called because they carry information on the
path (track) that a star follows on the HR diagram throughout its lifetim e (evo-
lutionary). This naming convention is somewhat reductive, since evaitionary
tracks in fact include much more information than the one digplayed in the HR
diagram: in fact, each time-point of an evolutionary track also contains de-
tails of the stellar structure, that is the dependence on radus of variables such
as temperature, density, chemical compaosition, nuclear egrgy production rate,
etc. Therefore, they are in fact models of stellar structureand evolution: here,
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however, we will follow the customary use and refer to them agvolutionary (or
stellar) tracks. At rst order, an evolutionary track is ide ntied by its initial
mass and metallicity.

The tracks determine strongly the scope and the limitations of a synthesis
model, so the choice of which tracks to use is an important ondoth for code
developers and for end users. In the following, we will de nea set of stellar
tracks as a batch of stellar tracks of dierent initial masses computed under
homogenous assumptions. Sets of stellar tracks availabla ithe literature di er
from each other in many respects: the metallicity values avdable, the mass
range covered, the treatment of mass loss, the inclusion ofotation, plus other
lesser-order e ects such as the treatment of convection andhe opacity tables
included. Stellar track makers are often specialized in a sl niche of stellar
evolution theory, e.g. low-mass or massive stars. For thiseason, the choice of
the stellar tracks to be used in a synthesis model depends atlon the kind of
model one wants to build. For example, a synthesis model of aonld population
requires accurate tracks of low-mass stars, while a model @& young population
requires accurate tracks of massive stars.

Ideally, stellar tracks with any desired value of the stellar parameters should
be available. Unfortunately, since evolutionary tracks are costly to compute
and store, available models have only a very limited subset foall the possible
metallicity and initial mass values. Typically, a given author usually provides
sets of tracks corresponding to less than ten metallicity vlues to cover a range
of several orders of magnitude. A second issue related to eubionary tracks is
that a given set of tracks does not necessarily cover all thewelutionary phases.
In such a case the synthesis model maker must choose betweeeaeping a self-
consistent set of (incomplete) tracks or mixing di erent sets of tracks (sometimes
with di erent physical assumptions). Therefore, when using or computing a
synthesis model, one should be aware of the speci ¢ featured the stellar models
included in it.

Once the set of evolutionary tracks has been de ned, one has aet of
functions that describe the evolution as a function of timet of stars with
given initial mass m, fyack (t;m). The next step is transforming it into an
isochrone. An isochrone is de ned by the population of coeviastars of dier-
ent masses at a given age. lIsochrones can be represented inedént plans:
as example, an isochrone in the theoretical HR diagram is a gametric curve
fiso(M;t) = [ Lpo(M;1); Te (M;t)] (m being the initial mass).

Isochrones are like snapshots of evolving populations. Caeptually, they
are an intermediate step in the transition from information on individual stars
to information on composite populations. Not all codes perbrm this step, as
isochrones are available in the literature so they can direty be used in a code,
bypassing the need for evolutionary tracks. But those codeshat use tracks as
input must interpolate between evolutionary tracks to obtain the isochrones at
a given value oft.

2.2. Atmosphere libraries

The atmosphere is the outermost part of a star. The mass of a sir's atmosphere
is negligible when compared to the star's total mass, so it ha no e ect on the
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stellar structure and evolution; but, by de nition, its opt ical depth at most of
frequencies is small, so it is the region where the emitted strum forms.

A synthesis code needs an atmosphere library to transform té theoretical
guantities obtained with the evolutionary tracks into observational ones. There
are two possible alternatives:

1. Grids of theoretical atmospheres, composed of atmosphermodels. The
main challenge of the models is that in the atmosphere the raidtion eld
is strongly anisotropic, so the transfer equation must be slved explic-
itly. Dierent approximations can be adopted to solve this problem in
model atmospheres, and one must be aware of the implicationsf choosing
among di erent models, as di erent authors make di erent assumptions
when they face the extraordinarily complex problem of compting a stel-
lar atmosphere. Model atmospheres are generally given as arfction of
metallicity, gravity ( g) and e ective temperature.

2. Grids of empirical atmospheres, composed of observed sta These stars
must be calibrated in ux and their physical properties must be well de-
termined. Since the observed stars are used as templates ftine stellar
classes that have a bolometric luminosity di erent from the one of the
observed star, a normalization it is also necessary.

Analogously to what happens with evolutionary tracks, the available models
cover only a very limited subset of all the parameter space. & a more detailed
paper about the atmospheres libraries used in synthesis ced, we refer to the
contribution by Gustavo Bruzual in these proceedings.

2.3. Stellar birth rate

In order to obtain the weight w; of each stellar class, we need a recipe to compute
the number of stars populating each class at any given time. ® this scope,
we need to know which kind of stars occupy a certain position athe time
considered, and how many of them there are. The rst piece ofnformation is
given by evolutionary tracks combined with model atmosphees, which we have
introduced in ¥ZI] andX¥ZZ]. The second piece of information is the stellar birth-
rate. In order to simplify the subject, we will assume in the following that the
mass and the time dependence of the stellar birth rate can beeparated, as most
synthesis codes also assume. This is a very strong hypothssivhich is assumed
ad hocto simplify the handling of the equations, and which is not necessarily
a realistic one: for example, it is trivially false if stellar winds from massive
stars inhibit the formation of low mass stars, or in any other case in which the
IMF keeps memory of previous star formation episodes. See herio-Tagle et al
(2005);IShore et al. (1987);_Shore & Ferrinil(1995) for more dtails on this topic.

For simplicity, let us also assume that the SFH is described $ a Dirac delta
function (the star-formation episode is extremely concentated in time). This
scenario has been labeled in di erent ways as coeval star foration, instanta-
neous burst or simple stellar population (SSP). This mathenatical approxima-
tion allows us to neglect the chemical evolution of stars in he cluster (since all
the stars are formed with the same initial metallicity) and t o de ne a zero-point
in the timeline.
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To compute the expected emission of a stellar population in he SSP hy-
pothesis, it is only necessary to provide itsinitial mass composition, which is
de ned by the IMF. The concept of IMF is rooted in measurements of the rel-
ative frequencies of stars with di erent masses, which are bserved to be fairly
constant across di erent stellar populations. The IMF is often approximated
either by a power-law or by a sum of power-laws over di erent sibranges:

1 — dN .
m(m) = dm [ m )
A typical value for the power-law exponent is the one by Salp&er, = 2:35

(Salpeter|1955). Alternative IMFs have also been proposedd.g.|Miller & Scala

1979;IRana 1987 Kroupa 2001). The IMF in the low-mass tail igpoorly known,

due to incomplete detection. The IMF in the high-mass tail is poorly known,

due to the intrinsically low mass counts. We refer to these poceedings for more
extensive reviews on the subject.

2.4. Types of synthesis codes

With these ingredients it is now possible to compute the contibution of the
di erent stellar classes: since each stellar class presemtt a given time can be
de ned by a range of initial stellar masses, its contribution, w;, is simply given

by:

Z mlow

wi= " m(m)dm; (4)

m;

where m}o"" and miUp are the lower and upper limits of the i-th mass bin that
gives rise to thei-th stellar class (the specic way in which these limits are
de ned varies from code to code). The codes that compute the antributions of
the di erent stellar classes in this way, based on mass binsare usually called
isochrone synthesis codes

There is at least another way to compute these contributions which is based
on the evolutionary times of the di erent phases. To understand this point, let's
consider how an isochrone of a given age is populated. The pelS portion of an
isochrone is populated by all those stars who have already elwed out of the MS
but that have not died yet. Since post-MS evolutionary times are much shorter
than MS times, the di erence in mass between the turn-o (TO) star (the star
that is just about to leave the MS) and the most evolved star iscomparatively
small. It can be shown that the older the SSP, the smaller suchdi erence:
asymptotically, all the post-MS isochrone portion is populated by stars with the
TO mass, and the isochrone tend to converge to the correspotig evolutionary
track to the degree that, from the TO on, they merge completel.. This is shown
with an example in Fig. B, which illustrates the point in a less extreme situation
(i.e. one in which the merging point takes place at a mass poinlocated beyond
the TO).

The consequence of the merging of isochrones and evolutiatyatracks for
late evolutionary stages is that the post-MS luminosity of a SSP population is
proportional to the fuel available to the TO star. Therefore, the contribution
w; of a given post-MS stellar classe can by expressed by Efl 5:
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Figure 2.  Isochrone at 4.51 Ma and evolutionary track of 45 M taken from
Schaller et al. (1992). The mass point where the isochrone isquivalent to
the track, 39 M , is marked in the diagram.

z mje" ' ' . dmegq .
wi = m(m)dm =" p(Meg) Mi =" nm(Meg) TR
m'

(5)

where meq is the mass point in the isochrone where the track and the isdoone
become equivalent, andt; is the duration of the evolutionary segment corre-
sponding to thei-th stellar class. This way of computing the post-MS contribu-
tion to luminosity is known as the fuel consumption theorem(FCT; Renzini_& Buzzoni
1986; Buzzoni 1989). We refer to these papers for further datls. Synthesis codes
based on Eq[b are usually calleduel consumption codes

In the practice, the distinction between isochrone synthes and fuel con-
sumption codes is not a sharp one, as most codes make use of bahethods.
For example, since the FCT makes explicit reference to posMS phases, FCT
codes compute the contribution of the MS as isochrone synthas codes do. On
the other hand, some isochrone codes make use of the FCT to ilude post-
Asymptotic Giant Branch (post-AGB) evolution.

3. Overview of the uncertainties

We can now move on to discuss the main sources of uncertaintynisynthesis
codes. These can be grouped as follows:
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1. The uncertainties in the evolutionary tracks used and in the transformation
from tracks to isochrones.

2. The uncertainties in the assumed stellar birth-rate.

3. The uncertainties in the assumed atmosphere libraries a their assigna-
tion to theoretical quantities.

4. The incompleteness of input ingredients.

5. The numerical methods used.

These uncertainties will be discussed in the following. Thoughout this
discussion, it will be useful to keep as a reference the skdtcof the general
structure of synthesis codes shown in Fig[1.

3.1. Uncertainties related to the evolutionary tracks and i sochrones

The homology assumption in track interpolations Some track providers (but
not all) tabulate their tracks following a sequence of equivalent evolutionary
points. These are de ned as points in stellar tracks of di erent initial masses
that can be related by means of homology relations: i.e. thetsuctures of two
models star of di erent initial masses are homologous at cailesponding equiv-
alent evolutionary points (Kippenhahn & Weigert| 1990; IMowlavi et al! 1998).
For exampe, in the case of a completely radiative main sequee (MS) star with
a Kramer's opacity law the homology relations are:

r(m) | (o o) 1320m4s.

bot(M) /ot *m?and

ms(M) /o “Xm? (6)

where ¢ is the opacity, the mean molecular weight, ¢ the energy production
rate and X the fraction of hydrogen in the stellar core. These relatiors, together
with the Stefan-Boltzmann law,

“pot I T(M)?Te (M)%; (7)

allow to perform interpolations among tracks in the MS, assuming that the
mass is constant throughout the evolution, thus obtaining tracks that are not
tabulated. These relations provide an interpolation schene to obtain “po(m)
and Te (m) for any desired mass.

In fact, homology relations are a good approximation only f& MS stars
(Kippenhahn & Weigert|1990): beyond the MS the homology assmption always
breaks down. However, in isochrone computations the interplation scheme
implicitly assumes homology even beyond the MS.

A second point to be addressed is that due to the presence of ma loss the
assumed homology relations are not valid, since mass loss é@upled with the
stellar evolution in a non-trivial way that is not considered in the usual homology
relations; but, again, the interpolation scheme among traks is maintained even
if tracks with mass loss are used.
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Summing up, the interpolation scheme which is customarily sed to cal-
culate tracks that are not tabulated is based on an assumptia which is, most
of the times, not valid. There are, however, some ages at whiicthe homology
assumption has only a minor impact on the computed models. Thse are the
ages at which the stars with tabulated tracks are at the TO. Aswe have shown
before, post-MS stars have masses similar to the TO mass; ihe TO mass is
a tabulated one, the contribution of post-MS stars will not be much a ected
by interpolation errors. This observation permits to formulate a criterion for a
reliable comparison among synthesis models:

The most reliable ages for model use or comparison are the M&rm-o ages of
the input tracks.

If di erences appear at such ages, they re ect di erences inthe numerical
methods used in each code, which must be further investigate This criterion
is only valid, of course, if the codes have the same input ingrdients.

Fast evolutionary phases In post MS phases, luminosity is not always a well-
behaved function of the mass, so the isochrone is not alwayseched: a typical
isochrone features shallow sections as well as peaks and atigtinuities in the
m,” plane, as shown in Fig.[B. Shallow sections correspond to ggscent phases
of stellar evolution, where evolution is slow (e.g. the MS);peaks correspond to
faster phases (e.g. the asymptotic giant branch); and disaatinuities correspond
to abrupt transitions between phases (e.g. the onset of cenal helium burn-
ing in intermediate mass stars) or jumps in stellar behavior(e.g., the transition
between Wolf-Rayet [WR] and non-WR-type structures). Peaks and discontinu-
ities will generically be labeled in the following as fast ewlutionary phases. Itis
interesting to realize that the expressionfast evolutionary phasesnakes explicit
reference to time variation, although by de nition time is a constant throughout
an isochrone! In fact, the termfast refers to the behaviour of the star whose evo-
lutionary track coincides with the isochrone in the post-MS phases. In terms of
isochrones, the expression refers to regions where the deative d’=dm diverges.

Fast evolutionary phases are di cult to handle, because a snall di erence
in the initial stellar mass yields a large dierence (or an indetermination) in
luminosity, so that the result depends crucially on which luminosity is chosen
to be representative of a given stellar class. In principlethis di culty can be
dealt with by de ning stellar classes so that they are charaderized by small lu-
minosity ranges and they do not go across discontinuities; bwever, the available
resolution in mass is governed by the evolutionary tracks ued by the code, and
is generally too low to resolve adequately such phases in siresis models. This
is a severe problem, since fast evolutionary phases are uhijous in post MS
evolution, and at certain frequencies they bear a major weigt in the luminosity
balance.

This problem has been present in synthesis codes since itsryebeginning
(Tinsley & Gunnl 197€). In the particular case of discontinuities, the way in
which it is tackled is often labeled a “technical detail' of the computation and
dismissed as unimportant, and thus the papers describing elutionary synthesis
models do not generally make any reference to its solution {ni spite of its dif-
culty and of the potentially disastrous consequences of irtorrect assumptions.
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Figure 3.  Details of fast evolutionary phases in the V (solidline, left axis)

and K (dotted-line, right axis) bands. Bottom panel: complete isochrones.
Middle panels: blow-up of the mass axis, showing details ofakt evolutionary
phases at three di erent ages. Top panels: same as middle pais, with a
more extreme blow-up. The isochrones have been computed hyifardi et al.

(2002) from the evolutionary tracks by IMarigo & Girardii(200 1)

Here are a few examples of the ways in which the problem of disatinuities has
been approached: a) in the Starburst99 synthesis code (Ldikerer et all|1999), for
certain metallicity values, an undocumented stellar track at 1.701 M is added
to the tabulated track of 1.70 M by |Schaller et al. (1992) and| Schaerer et al.
(1993a), to avoid stellar classes going across the discontiity of the stellar
models' behavior at such mass (C. Leitherer, D. Schaerer, & GMeynet, pri-
vate communication); b) to deal with the same problem, additional evolutionary
tracks around the same mass range are used in the computatiaof the isochrones
by [Castellani et all (2003) and|Cariulo et al. (2004) (S. Dedlnnocenti, private
communication) and|Brocato et all (1999) (E. Brocato, private communication);
¢) to avoid the intrinsic discontinuity in the isochrones, the same mass is used
twice in the isochrones byl Girardi et all (2002), namely at the end of the red
giant branch (RGB) and at the beginning of the horizontal branch (S. Bressan,
private communication).

This problem shows up in the results of synthesis codes. Forxample, Fig.
@, in which the number of post-MS stars is plotted as a functia of time, shows a
gap at ages around 18 years; the gap corresponds to the MS evolutionary time
of stars with initial masses near the 1.7 M discontinuity.
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Figure 4. Number of post MS stars as a function of time for di erent metal-
licities, obtained from the isochrones compiled by Girardiet all (2002).

The gure also shows the presence of small peaks at young agesThe
maximum of each peak indeed corresponds to the MS lifetime dahe tabulated
tracks. The peaks appear as a consequence of an incorrect trinterpolation
scheme and can be corrected by adopting a di erent one. This pblem will be
discussed in the next paragraph.

Evolutionary times and time interpolations A further problem related to the
computation of isochrones is the duration of the di erent ewolutionary phases
that are included in the tracks. In X211 we have shown that, in order to obtain
isochrones, it is necessary to interpolate among the tabutad tracks so that
tracks with intermediate values are obtained. After that, it is necessary to in-
terpolate in time among di erent tracks to obtain the isochr one at a given age.
The usual scheme assumes lineal interpolations in a logatitnic space since,
at rst order, the duration of an evolutionary phase is proportional to the ratio
between mass (available fuel) and luminosity (consumptiorrate). Under the ho-
mology assumption, these are related by a power-law dependee. Again, such
an approximation may not be a good one if homology fails. The ptential con-
sequences are clearly illustrated by Fig[d5, which shows theupernova (SN) rate
obtained using di erent interpolation schemes. The saw-teeth behavior of the
solid line is clearly an artifact of the linear interpolation scheme. The parabolic
interpolation proposed by |Cervifno et al. (2001) yields a mgh smoother behav-
ior.
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Figure 5. SN rate vs. time using di erent interpolation tech niques. The
solid line corresponds to a linear interpolation in the logm logt plane. The
short-dashed line corresponds to a parabolic interpolatia. The evolutionary
tracks used have been computed by Schaller et Al. (1992): Stéormation law:
instantaneous; solid line, = 2:35, My, = 120 M ; Z=0.020. Figure taken
from [Cervifio et all (2001).

The accuracy of interpolation schemes for stellar evolutioary times has
barely been addressed in the literature. In fact, the soluton proposed by
Cervino et all (2001) is only a second order mathematical ggroximation, that
does not take the physics of stellar evolution into account. A more accurate
estimation of the lifetime of di erent evolutionary phases can be obtained by
tting the evolutionary times of di erent evolutionary pha ses. As an example,
we show in Fig[® the MS lifetime as a function of the initial mass for di erent
sets of evolutionary tracks. The t of all the points of vario us sets of tracks
(Buzzon! 2002) provides a dependence of the MS lifetime witimass:

logt = 0:825 lod? m? +6:43 ®)

120

This simple formula shows how the interpolation scheme of paabolic interpola-

tions can be greatly improved. We refer to.Buzzoni (2002) foradditional details.
Note that any variation in the time interpolation scheme not only a ects

the SN rate, but also any other predicted quantity that depend on lifetimes. In

particular, the stellar make-up of the synthetic cluster also changes.
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Figure 6. Theoretical MS lifetime vs. stellar mass for solarmetallic-
ity according to the evolutionary tracks by Beckel (1981); [Vandenberg
(1985); |ICastellani et al. (1990);| Lattanzio (1991);.Schakr et all (1992) and
Bressan et al. (1998). The solid line is a t to the data accordng to Eq. (3).
Figure from Buzzon| (2002).

Further inconsistencies in the computed isochrones As we have previously seen,
all types of synthesis codes rely on interpolations among taulated evolutionary
tracks independently of the method they use. Usually, thesénterpolations are
linear in a logarithmic space for quantities which are assurad to follow homology
relations, such as luminosity or e ective temperature. This interpolation scheme
is applied, without any precise physical reason, to other reevant quantities also:
for example, abundance ratios in stellar atmospheres (need to determine the
presence of WR stars in young populations), or the mass lossates (needed to
compute the amount of kinetic energy deposed in the interstibar medium).

To illustrate the spurious e ects of such ad hocinterpolation schemes, we
show in Fig. [4 the ratio R between the mass ejected by a star as obtained from
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Figure 7. Ratio of the integrated mass-loss during the lifeime of the star

vs. "reconstructed" mass loss by subtraction of the mass at lte the end
of the evolution for the tracks by ISchaller et all (1992) (soid line) at solar

metallicity and standard mass-loss rate and the tracks by Menet et all (1994)

at twice solar metallicity and twice mass-loss rate tracks flashed line). See
Cervino et all (2001) for more details.

integration of the mass loss rate, and the di erence betweerihe initial and nal
masses as given by the track (sele_Cervino et lal. 2001, for neodetails):

p
Ke m(t)(te  tk 1),

R =
M my

9)
where the index ke refers to the last tabulated point in the track. Consistency
would require such a ratio to be equal to 1. However, R is foundo take values
of up to 1.4, i.e. the integrated mass lost by stars is inconsient with the
'structural’ value by up to 40%.

3.2. Uncertainties related to atmosphere libraries

As mentioned in ¥ZZ], stellar libraries are needed to transform the theoretal
space e , g and *) into the observational one (colors and/or spectral energy
distributions). Usually, the available model atmospheresform a coarse grid in
the (log g, log Tgf ) plane, whereas isochrones are generally continuous in the
plane. In order to assign a model atmosphere to each isochreriocation, one can
either choose the nearest atmosphere of the grid (closestadel approximation),



16 M. Cervino and V. Luridiana

or interpolate between nearby atmospheres. Assigning the earest atmosphere
implies a further binning of data and may originate jumps in the results.

54 I I I | I I I I | I I I I

log (N(H°) [photons s!])

log (Time [yr])

Figure 8.  Number of ionizing photons as a function of age foraar metallic-
ity and di erent IMF slopes. Note the downstairs-like behavior of the quantity
at evolved ages due to the transition among atmosphere model Figure from
Leitherer et all (1999).

It is often assumed that these jumps cancel on average when ahsle popu-
lation is considered. Unfortunately, this is not always the case, as is made clear
by Fig. B which shows the evolution of the number of ionizingphotons in a
cluster as a function of age. The downstairs-like behavior bthe plotted quan-
tity at evolved ages is due to the transition among atmosphee models arising
from the use of the closest-model approximation.

An alternative solution is interpolating among atmosphere models to ob-
tain smoother results. This solution is not common in synthesis codes, since
it increases the computational time. However, it is mandatay in the analysis
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of color-magnitude diagrams (CMD), and, as we will see later it will also be
mandatory in synthesis models including rotation. Therefae, we mention here
some of the unsolved issues related to this kind of interpokons.

If the interpolation scheme is based on the Stefan-Boltzman law (Eq. [1)
the interpolations are wavelength independent, and it is sinple to perform them
linearly in the log " logTe plane. However, for the case of a spectral en-
ergy distribution it is more realistic to consider the emisdon as a black-body
spectrum:

log” (Te) = log 2h5c log(e* 1) =

log 2h5c (x +log(1 e X); (10)

wherex = hc= kT, . This means that, at a given wavelength, log is a linear
function of the variable y =log(e* 1)= x+log(l e *). Such interpolation
scheme clearly diers from the one based on the Stefan-Boltmann law. In
the intermediate case, i.e. the computations of broad or nawow bands, the
interpolation scheme should be exible enough to tend towads both extreme
schemes (Stefan-Boltzmann law and black-body law) dependg on the width
of the band. We refer to the appendix in|Jamet et al. (2004) fora detailed
description of this issue.

3.3. Incompleteness of the input ingredients

Incompleteness of evolutionary tracks The lack of homogeneous sets of stel-
lar models that cover all the evolutionary phases is perhapghe most severe
problem in population synthesis. When a synthesis model isd be applied to
observations, the lack of homogeneous stellar models mustebsidestepped in
some way, sometimes sacri cing homogeneity, sometimes ugj inputs based on
physics that is known to be incorrect. Here are some exampleg1) The inclu-
sion of the post-AGB phase in synthesis codes requires usingacks computed by
di erent authors (with possibly di erent input physics), a nd performing some
ad hocassumptions to link the post-AGB to the AGB tracks. (2) Stell ar models
computed with enhanced mass loss rates are assumed hocto mimic the ef-
fects of rotation in massive stellar evolution, although olservations point towards
mass-loss rates even lower than the standard ones.

In such cases, assessing the uncertainty in the results is xieto impossible,
particularly due to the lack of a physical picture giving a realistic guide of
the problem. However, these are the only way of producing a cuplete result
when the models are computed for comparison with the obsentans, since they
include all the relevant phases of stellar evolution. On theother hand, when the
goal of a synthesis model is to link our (incomplete) knowlede on stellar theory
to the emission from an ensemble of stars, incomplete input ata can be used.
In this case, the results will be incomplete, but they will at least predict a lower
limit to the expected emission.

Incompleteness of atmosphere templates The region covered by the isochrones
inthe logg logTe plane is not the same as the one covered by the atmosphere
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Figure 9. Right: logg vs. logT. coverage of the STELIB empirical li-
brary (Le_Borgne et all 2003) used by Bruzual & Charlot (20038) The di er-
ent symbols represent di erent stellar spectral classes: Uil circles are dwarf
MS stars (class V), open circles are giants (class Ill), and lps signs are su-
pergiants of classes | and Il. Small circles are used for starwith no spectral
class determination. Left: Stellar library (large symbols) in the plane logg vs.
logTe , compared to the position of stellar models of solar metaltity (small
dots) used byl Girardi et all (2002). The spectra are taken fran (Castelli et al
(@997) (crosses), Fluks et all. [(1994) (circles)_Allard et al (2000) (squares),
and pure blackbody (triangles). (See _Girardi et al.[200P, fo details). Figure
from |Girardi et al.l(2002).

libraries. Speci cally, theoretical libraries do not cover some important regions of
this plane, like the one occupied by stars withT. around 10* K and intermediate

log g values, that corresponds to the A supergiant region, and theone occupied
by cool stars (Te < 3000 K) with negative logg values, that corresponds to the
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red supergiant region. To bypass this problem, some codes rka use of empirical
libraries.

A severe limitation of empirical libraries is that they do not have a good
coverage in metallicity, a fact which limits the possibility of applying the models.
Furthermore, although the red supergiant region is well pomlated (since these
are luminous stars), the coverage in other regions of the log logTe plane is
not su cient to produce realistic results even at solar metallicity.

In Fig. 9 the dierent areas of the logg vs. logTe diagram covered by
empirical and theoretical libraries can be seen: note how rither of them covers
the whole diagram. Given these limitations, it is impossibk for a code to produce
a physical self-consistent result.

Inadequate sampling of the evolutionary phases A further problem for the com-
putation of synthesis models is the insu cient sampling of the stellar evolution
along the tracks. This problem has a di erent impact depending on the scope
of the synthesis model and the way it is compared to the obsemtional data. In
the case of population synthesis, one wants to reproduce théotal luminosity
of the cluster based on the integrated emission, so one needs take into ac-
count carefully the emission of all the stars. On the other had, when studying
CMDs one wants to reproduce the emission of the stellar popualion based on
its representation in the HR diagram; hence, not all phases & necessary. This
di erence has the following consequences:

In the case of CMD it is not necessary to cover all the HR diagran, but
only the areas under study. Relevant points in such areas shod be in-
cluded explicitly in the isochrones since they can be diredy compared
with individual stars. This is the case of the TO, the tip of the RGB or
the tip of the AGB. These points are usually included in the ewlutionary
tracks and the isochrones.

In the case of population synthesis the objective is to obtai the integrated

light from the ensemble. So suitable isochrones should be ded by points

that are a correct representation of all the evolutionary phases, which
are not necessarily the extreme points. For example, if a sti&r class is
de ned around the mass point of maximum luminosity, the corresponding
contribution is overestimated.

Not all the stellar models computed to follow the stellar evdution are

eventually published (Georges Meynet and Daniel Schaereprivate com-
munication; Antonio Claret, private communication). The r eason is that,
in regions where real stars are barely observed, the advantg of includ-
ing these points is not considered worth the extra-memory neded. Hence,
evolutionary tracks are reduced to a minimal set of equivalet evolutionary

points plus a few additional points that are relevant for stellar evolution

theory. However, population synthesis would require the deiled knowl-

edge of the evolutionary path in the HR diagram.

Summing up, evolutionary tracks are optimized for the compaison with
CMD (which provides a rst reliable check of the assumed physécs), but not to
perform evolutionary synthesis studies. These di erences clear when extreme
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phases of stellar evolution are considered. For example, thtip of the RGB is a
useful point for representation in CMD, but it is not a suitab le point for pop-
ulation synthesis, since it represents a transient high lunmous phase in stellar
evolution that pollutes the emission of the ensemble. As a fther example, SN
explosions are not included in synthesis models because thelominate the emis-
sion with their high luminosity (i.e. the resulting model would have a spectral
energy distribution that corresponds to a single componentthe SN explosion,
whatever the underlying population is).

The previous conclusion can be restated in a di erent way: gice synthesis
models are designed to obtain the emission of an ensemble dfass, and not
individual stars, their use should be limited to situations where an ensemble
really exists. A necessary condition to ful | this requirement has been formulated
by Cervino & Luridiana (2004) by de ning the Lowest Luminosity Limit that
an observed cluster must have in order to be modelizable witlsynthesis codes:

The total luminosity of the observed cluster must be largerhan the individual
contribution of any of the stars included in the model.

Quite obviously, the inclusion of SN events in the model inceases the cor-
responding Lowest Luminosity Limit.

4. Uncertainties related to the numerical methods

The nal source of uncertainty in synthesis models lies in the numerical methods
used. Three types of uncertainties arise at this level: the pesence of bugs in
the program, the accuracy of the numerical methods, and the ansistency of the
algorithm used.

4.1. Bugs

As observed by Ferland (http://www.nublado.org), the pres ence of bugs is in-
evitable in any large code. Sometimes they are documented ansolved, and
corrected in following versions. As an example, we show herdne SN rate ob-
tained by the original version of Starburst99 (c.f. Fig 10). The gure can be
compared to Fig. 5, which is a correct representation of the 8 rate. Note in
particular that the wrong SN rate increases with time, whereas the corrected
one tends to decrease.

The bug was xed in Starburst99 following the prescriptions by Cervino et al.
(2001). The source of this bug was an incorrect determinatio of the m®” and
m:"® limits in Eq. 4. Although the bug showed up in the SN rate, it also a ected
the w; determinations of all the other evolutionary phases. The eect of the
bug was particularly evident in the case of the SN rate becaus, being this a
derivative, it ampli es any discontinuity in the primitive function.

4.2. Accuracy

The second source of uncertainty is the accuracy of the numaral methods used.
As an example we plot in Fig. 11 the SN rate of Type | SN computedby
Romano et al. (2005). In this case, the plot shows a correct @rall behavior.
However, at age larger than 10 Ga, an oscillation of the restd around a mean
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Figure 10. SN rate vs. time obtained by the original version ¢ Starburst99
code. Star formation law: instantaneous; solid line, =2:35, My, =100 M ;
long-dashed line, =3:30,M,, =100 M ; short-dashed line, =2:35, Myp
=30M ;Z=0.020. This gure can be compared with Fig. 5. The bug was
xed in Starburst99 code following the prescriptions shownin Cervino et al.
(2001).

value is observed. This behavior is caused by insu cient nunerical precision.
This oscillation had only a minor e ect on the original paper, which deals with
chemical evolution, a eld in which the relevant quantities come from cumulative
contributions; but if this model were applied to stellar population synthesis, the
nominal tabulated result could not be used.
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Figure 11. Type la SN rates obtained with di erent assumptions for the
stellar lifetimes: Maeder & Meynet (1989) (thin solid line); Tinsley (1980)
(thick dotted line); Schaller et al. (1992) (thick solid lin €); Kodama (1997)
(thick dashed line). The e ect of changing the fraction of mass entering the
formation of type la SN progenitors, A, is also shown. The type la SN rate
observed in the Galaxy at the present time is also shown (Capellaro et al.
1997). See Romano et al. (2005) for more details. Figure frorRomano et al.
(2005).

4.3. Algorithms

FCT and isochrone synthesis codes have been shown to produsgstematically
discrepant results (Charlot & Bruzual 1991). As explained n x2.4., the two
types of codes use di erent algorithms to compute the contrbutions of the dif-
ferent stellar classes. However, it must be emphasized thaboth types of codes
are based on the same underlying physics. Furthermore, the €T can be taken
into account in the isochrone computations, as shown by Bresan et al. (1994)
and, especially, Marigo & Girardi (2001). Hence, both methals should produce
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exactly the same results, provided they have, of course, theame inputs. Un-
fortunately this is not the general case, a fact that suggest that the di erences
among synthesis codes computations could be due to di ererss in the interpo-
lations scheme. Note that the current market of synthesis cdes is dominated by
isochrone synthesis codes that compare their results withisiilar models. Such
comparisons do not shed any light on this problem, but only povide a con-
sistency test for the mathematical methods used by isochroa synthesis. Only
comparisons among di erent methods will increase the relidility of evolutionary
synthesis: the stellar population synthesis method will not be a relidb tool until
the isochrone and the FCT methods yield consistent resultsAlthough this may
seem a pessimistic point of view, especially to those who makuse of synthesis
codes to infer the physical properties of observed clusterghe situation is not so
dramatic: in spite of persisting di erences in the results, there are also regions of
the electromagnetic spectrum where both methods provide siilar results (see
Buzzoni 2005, and Fig. 12 for a comparison). Hence, such waemgth regions
can be con dently compared to observational data.

4.4, Documentation, documentation, documentation

In this section we have shown that, besides the possible undainties in the in-
put ingredients, there are also uncertainties associatedd the methods used. The
evaluation of such uncertainties is quite di cult since the y depend on the code
itself. The only feasible way to evaluate how reliable the mdel results are is to
write an exhaustive documentation of the corresponding cod, both at the level
of a user's guide and at a technical level. A good example to flow is the docu-
mentation of the photoionization code CLOUDY (http://www.nublado.org ).

5. Rotation and variability

In the previous sections we have addressed the uncertaingein synthesis models
in the simplest and most idealized case which is the assumpin of the existence
of a single isochrone that de nes the stellar mixture at a given age. Butin a
stellar cluster it is possible to have stars with distributed features, such as stars
that rotate with di erent rotational velocities, variable stars or binaries, such
that their overall emission is also distributed. In terms of modeling, this means
that a well-de ned spectral energy distribution (the main o utput of synthesis
models) is not enough to characterize the cluster, and that aistribution range
must also be provided.

The case of rotation is illustrated in Fig. 13 where a set of ischrones at the
same age is plotted. Rotation produces a loss of symmetry inhie star, so that its
emission depends on the inclination angle of the star with repect to the observer.
Points in Fig. 13 di er from each other in the initial mass, th e rotational veloc-
ity and the inclination angle (see Claret 2000, 2003; Claret& Rerez Herrandez
2005, for more details).

The inclusion of rotating stars in synthesis models will imgdy a global revi-
sion of synthesis models that includes:

Determining whether homology relations exist for rotating stars, in order
to interpolate tracks and compute isochrones.
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Figure 12. Upper plots of each panel: luminosity evolution & the SSP
models by Buzzoni (2005) (solid dots), for solar metallicity and Salpeter IMF,
compared with other theoretical outputs according to Leitherer et al. (1999)
(open dots) Bressan et al. (1994) (dashed line) and Bruzual &harlot (2003)
(solid line). The total mass is scaled to Mssp= 10 M throughout, with
stars in the range 0.1 120 M . The Leitherer et al. (1999) model has been
slightly increased in luminosity (by about 0.06 mag in bolometric luminosity,
at 1 Ga) to account for the luminosity contribution of low-MS stars (M 1:0
M ). Lower plots of each panel: model residuals with respect t&SP tting
functions. Figure from Buzzoni (2005).

Studying the distribution of initial rotational velocities and including it
in the stellar birth rate. This also means making additional assumptions
about whether the rotational velocity distribution and the IMF are sepa-
rated distribution.

Including an inclination angle distribution in the stellar birth rate. Such
a distribution should be a random ( at) distribution.

Abandoning the closest atmosphere approach in favor of an atosphere
interpolation scheme, and studying the variation of line pro les with ro-
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Figure 13. HR diagram for isochrones at the same age with di eent rota-
tional velocities and inclinations angles. Courtesy of Anbnio Claret

tation (for high-resolution atmosphere templates): all the advantages of
including rotation in the isochrones will be lost if, at the end, the combina-
tions of spectral energy distributions do not take into accaunt the richness
of available situations and the isochrone points are desdpied by a discrete
set of atmosphere templates.

Obtaining not only average results but also the uncertainty associated to
the mixture of distribution angles in the cluster.

6. What is really computed?

Although all evolutionary synthesis codes pursue essentily the same goal, they
may di er substantially from each other in several aspects. Here, we will discuss
two major distinctions within the eld, the rstrelatedtot he specic procedure
followed in populating the IMF and the second to the interpretation of results.

6.1. Modeling philosophies

Evolutionary synthesis models can be either probabilisticor deterministic in two
distinct aspects: a) the IMF sampling, and b) the interpretation of results.



26 M. Cervino and V. Luridiana

The IMF sampling In a synthesis code, the IMF can be used either as an exact
or as a probabilistic description of the mass distribution. In the rst case, the
relative frequencies of newborn stars of di erent masses a&runivocally xed by
the IMF; in the second, the mass of each newborn star is assigd through a
random selection process where the IMF is the weighting furtgon. In the rst
case, if the IMF is continuous, a smooth (although binned) dstribution of stars
results; in the second, the resulting distribution will be noisy, and the smaller
the number of stars in the stellar population, the noisier the distribution. Two
runs of the code with the same input parameters will yield twoidentical models
in the rst case, but not in the second (Fig. 14). The rst appr oach is adopted
by the so-called standard codes while the second is adoptedybVionte Carlo
codes.

Standard codes are sometimes called analytical, but this gdctive is mis-
leading, because: a) in either case the underlying IMF may ben analytical
function, and b) although the IMF is considered analytical, a discretization step
(binning) is required by both methods. Hence, both methods ae analytical in
the same measure, and we will use here the less ambiguous esggsionstandard.

The interpretation of results As mentioned before, the main nal product of
a synthesis model is the expected value of the total luminogy. What does
“expected’ mean? Let's see here which are the possible ansae

The interpretation of the output of Monte Carlo codes is straightforward:
the luminosity computed by the code is the particular luminosity of a particu-
lar realization of all the possible clusters characterizedby a given set of input
parameters. Running a set of Monte Carlo models with the sameset of input
parameters and data will produce a distribution of output luminosities. This
distribution is a sampling distribution of the underlying | ntegrated Luminosity
Distribution Function. The more numerous the stars in each smulation, the
narrower the distribution (in relative terms). An example of this trend can be
seen in Fig. 15. The solid line in the middle of the colored aras is the prediction
of a standard model at di erent wavelengths; the colored banls are the areas
spanned by sets of Monte Carlo models with the indicated numier of stars. A
striking feature of this plot is that the uncertainty area de pends critically on the
wavelength considered.

Another example is found in Fig. 16, where the U B and B V colors re-
sulting from di erent simulations in which stochastic uct uations in the number
of stars that populate di erent evolutionary stages is plotted with small dots.
Lines corresponds to analytical simulations and medium dog to LMC clusters.
The models have been computed with the code by Bruzual & Chadt (2003).
From this gure it can be seen that Monte Carlo simulations for small clusters
lie in a region that is not covered by the analytical simulations. This bias in
colors is a natural e ect when the integrated light coming from an observation
with a low number of stars is analyzed (see Cervino & Valls-@baud 2003, for
more details).

In the case of standard models, however, di erent meaningsan be attached
to the output luminosity. Each time we run the code with a given set of input
parameters we obtain the same result, so in this sense standhmodels are de-
terministic. Indeed, the traditional interpretation of st andard synthesis models
is wholly deterministic: the output is interpreted as if it w ere the luminosity of
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Analytical vs. Stochastic IMF
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Figure 14.  IMFs computed with a slope =2:35 for 1 stars in the mass
range 2-120 M . It is compared here three stochastical Monte Carlo simu-
lations with an analytical function. Figure taken form Cerv ino & Mas-Hesse
(1994).

an (ideal) cluster with the same characteristic of the model Models of this type,
with their associated interpretation, are called deterministic synthesis models.

Such interpretation is based on the assumption that the IMF is well sam-

pled, which in turn implies that the IMF is seen as an exact desription of the
stellar population. This assumption is questionable, sine whatever the mech-
anism of star formation is, discrete entities cannot map cotinuously a curve.
Even if we divide the mass range in bins, a continuous distrilntion would even-
tually imply fractional numbers of stars in certain bins, which is unphysical. On
the other hand, if we allow for a certain degree of stochastity in the process of
star formation (which, on physical grounds, seems plausila), these contradic-
tions are overcome. But allowing for stochasticity in the IMF implies that the
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Figure 15. Comparison of predicted luminosity of a standardmodel at dif-
ferent wavelengths with the 90% con dence interval prediced by Monte Carlo
models of 2. 16 M (blue), 3. 10* M (green) and 3. 1§ M_odot (red).
Models computed with sed@ code (Cervino et al. 2000; Ceng-et al. 2002b;
Cervino et al. 2002). Figure from Cervino (2003)

overall cluster properties will be stochastically distributed. This view is the one
held by statistical synthesis codes.

In sum, deterministic synthesis codes interpret the (deteministically ob-
tained) output luminosity as the total luminosity of the clu ster, while statistical
synthesis codes interpret it as the mean value of a distribuibn of possible lu-
minosities. The distinction between the concept of total luminosity and the
concept of mean value of a luminosity distribution is a fundanental one: as an
example, the mean of a distribution is not necessarily a vala that the variable
can take. Furthermore, knowledge of the mean value is not enggh to estimate
even roughly the variable's value, if the shape of the distribution is not known:
that is, the mean value is neither an actual value of the total luminosity of a
cluster, nor necessarily a good guess of it.

Statistical and deterministic models are not actually dierent classes of
models, but rather di erent interpretations of the same class of models, the
standard ones. Some standard codes do not explore this intpretation and thus
produce purely deterministic models, while others have but-in statistical tools
that add to the main result, the luminosity, estimates of the other statistical
parameters of the distribution.

6.2. Statistical approximations to the problem

The issue of sampling and the interpretation of the results é synthesis models
has been addressed in the literature from di erent points ofview. They include:

Monte Carlo simulations and their comparison to standards models: these
works make a description of the problem, but they do not provide any gen-
eral solution other than performing tailored Monte Carlo simulations for
the cluster under consideration. Examples are: Barbaro & Betelli (1977);
Chiosi et al. (1988); Santos & Frogel (1997); Cervifno, Lurdiana, & Castander
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Figure 16. Comparison of Monte Carlo simulations (small dos), analytical
simulations (lines) and observations of LMC clusters (medim dots). Mod-
els has been performed by the code presented by Bruzual & Chimt (2003)
with Fagotto et al. (1994) evolutionary models and Lejeune ¢ al. (1998) at-
mosphere models. Figure from Bruzual (2002).

(2000); Larcon & Mouhcine (2000); Bruzual (2002); Girardi (2000); Cantiello et al.
(2003).

Theoretical approaches based on the IMF sampling and Surfadrightness
Fluctuations studies These works try to quantify the impact of sampling
e ects on the interpretation of the results. Although relevant as a rst
step towards a characterization of the underlying luminosty functions,
they are of limited power when it comes to obtaining the variance of the
corresponding distribution. In this speci ¢ subject there have been two
di erent approaches:
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1. The variance of the luminosity function has been computedn terms of
an e ective number of starsN , de ned as the ratio between the square
of the mean and the variance of the luminosity function (Buzzoni

1989):
P
1 2 w; 12
= = _P—|: 11
N 20 wili)? (1)

This expression is used in the works by Buzzoni (1989); Cervio et al.

(2002b); Cervino & Valls-Gabaud (2003); Gonalez et al. 004); Cervino & Luridiana

(2004), and their use is focused on the determination of the mcer-
tainty of synthesis models.

2. The variance is presented in terms oSurface Brightness Fluctuations
L, de ned as the ratio between the variance and the mean of the
luminosity function (Tonry & Schneider 1988):

I=—2=P—'_: (12)

SBF are used to obtain extragalactic distances, and they haw also
been proposed as a means to break the age-metallicity degeaey
in old stellar populations. They are used, e.g., by Worthey (994);
Buzzoni (1993); Liu et al. (2000); Mei et al. (2001); Blakeste et al.
(2001); Gonalez et al. (2004); see also the contributiondy Rosa A.
Gonalez and Maurizio Salaris in these proceedings.

As Buzzoni (1993) shows, both quantities are di erent ways © express the
same quantity, and they express the statistical entropy of gnthesis models
(see also this proceedings or astro-ph/0509602). Given thddoth N and |
are estimates of the mean and the variance of the luminositydnction, these
quantities provides a powerful tool for the comparison of sythesis models.
The di erences in the | value found by di erent authors (see Liu et al. 2000;
Mei et al. 2001, for a comparison) suggest either a di erenceamong the
luminosity functions implicitly computed by synthesis models or problems
in the numerical computations.

Theoretical approaches based on luminosity functionsin other works, the
luminosity function or its higher-order moments are studied. The approach
is the only one that can provide con dence intervals of resuls. Exam-
ples are Gilfanov et al. (2004); Cervifo, Luridiana, & Cenino-Luridiana
(2005).

Although the statistical modeling of stellar populations is not extensively

used by the community yet, it is expected that this situation will change in the
future, since it is the only interpretation that allows to ex plain systems composed
by any number of star, and provide con dence intervals in the application of
the models to real observations. The complete statistical drmulation will be
described in next section.
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6.3. Complete statistical formulation

In this section, we will explain the basics of the method of satistical modeling.
For a complete descroption of the method, see Cervino, Ludiana, & Cervino-Luridiana
(2005). The general problem is the computation of the luminaity of an ensemble
of stars. A luminosity distribution function (LDF: ' (7)) can be assumed, which
describes the expected distribution of luminosity values i a generic ensemble.
The integral of the LDF is normalized to 1:
Zy
"L()d =1: (13)

The integrated luminosity of an ensemble is traditionally obtained by means of
the expression:
Zy
Lot = Niot . Cu()dn (14)

The bottom line of the statistical formulation is that the tr aditional ap-
proach shown in Eq. 14 is conceptually wrong and operationd} sterile. The
crucial point here is the de nition and interpretation of th e LDF: ' (") is a prob-
ability density function (PDF) from which the luminosities of individual sources
are drawn; accordingly, the total luminosity of a cluster cannot be deterministi-
cally computed, but its mean value M { can be obtained as:

Z,
M?{ h Liti = Nigt . o()dn (15)

The integral on the right-hand side of this equation is the men value of
the LDF, ¢, so that:

MP= Nyt (16)
In terms of the IMF and the isochrone, the LDF can be expresseds follows:
. d(m;t) 1
()= ; 17
LCi="mm) (17)

where the time dependence of | has been written explicitly. If we change the
integration variable in Eq. 15 from °~ to m, the mean value of the LDF can be
rewritten in terms of the isochrone and the IMF?:

z

oM d(m;t) td(m;t)
W o= M w(m) = g dm =
=" miy w(m)dm'
Xmlow
' wi i (t); (18)

2The isochrone is not monotonic, so that the integral limits o f Eq. 15 do not correspond to those
of Eq. 18.
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where m'®’ and mUP are the lower and upper mass limits respectively of the
integration domain.

Solving this integral is the main task of stellar population synthesis mod-
eling. Note that, although Eq. 18 and the combination of Eq. 2and Eq. 4
would lead to the same mathematical expression, the interpetation of what is
computed di ers drastically. In the statistical case, synthesis models compute
the mean value of a probability distribution function (that can be split in com-
ponents, or evolutionary phases), but, by virtue of the very probability concept,
it is not needed that all the modeled phases should be presenh an observed
cluster. In the deterministic case, it is mandatory that all the considered phases
are present (by construction), even if they correspond to anunphysical frac-
tional number of stars (i.e fractional amounts). So, this sftistical formulation
includes by its very nature, the possible sampling e ects inreal stellar popula-
tions. As an important point, it is necessary to note that sampling e ects are
not only a characteristic of the system under study, but alsoa characteristic of
the observation (a narrow slit observation of a given systemwill include in the
observation a lower number of stars than an observation witha broader slit).

Additionally, Eq. 18 also reveals some of the problems and soces of un-
certainty we have been talking about:

1. The discontinuities in the derivative (d*(m;t)=dm) * are directly related
to fast evolutionary phases and discontinuities in the inpu tracks and
isochrones.

2. The fact that the models results come fll_fpm an integral,Rn’ﬂsﬁ 't mdm,
instead of a sum of evolutionary phases, ;w; 'i(t), implies the need of
selecting actual representative evolutionary phases, andot the tabulated
isochrone points as they are directly computed (especiallyf they are rep-
resentative of a maximum luminosity, like the tip of the AGB) .

7. Conclusions

In this review we have addressed the current status of evolubnary synthesis
models. We have shown that there are several sources of untainties:

With respect to the input ingredients, the main source of uncertainty are
interpolations. Such interpolations should ideally follow a physically-based
scheme, but such scheme is not always possible. We have showere
the physical assumptions of current interpolation schemedor tracks and
atmospheres.

We have shown that the most reliable ages for model use and cqrarison
are the MS turn-o ages of the used tracks. If di erences appar at such
ages, they re ect di erences in the numerical methods usedn each code,
which must be further investigated.

With respect to the computations aspect of synthesis modelswe have re-
viewed the two main methods: isochrone synthesis and FCT. &ice both
methods produce di erent results, we concluded that the stélar popula-
tion synthesis method are not a reliable tool yet. For the time being,
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only those regions of the electromagnetic spectrum where ko methods
coincide should be relied on as realistic outputs.

Regarding the numerical computations performed by the modks, we have
shown that quantities like the SN rate (or the rate of any given evolution-
ary phase) is a useful quantity to address both numerical andunphysical
assumptions included in the models.

We have also reviewed additional uncertainties related to he incomplete-
ness of the input ingredients, and we have outlined the issuef inclusion
of stellar rotation in synthesis models.

Finally, we have discussed the use of synthesis models in désdic cases.
We stress again that the results of the models depend also orhé number
of stars covered by the observation, and not only the number bstars in
the system under study. We show how to address these problemsith a
statistical interpretation of the models' results.

The main conclusion of this work is that the current literatu re about popu-
lation synthesis does not provide enough information to addess the uncertainties
involved. In this sense, uncertainties can only be addresskif synthesis mod-
els papers explain completely and carefully their input hypmtheses, in particu-
lar the interpolation schemes and its justi cation in physical or mathematical
terms. An extensive documentation of codes (as Gary Ferlandhas done with his
photoionization code) would highly improve the understandng and uncertainty
evaluation in the synthesis method.
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