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ABSTRACT
We present theoretical surface brightness ßuctuation (SBF) amplitudes for single-burst stellar populations of young

and intermediate age (25 Myr� t � 5 Gyr) and metallicitiesZ ¼ 0:0003, 0.001, 0.004, 0.008, 0.01, 0.02, and 0.04.
The ßuctuation magnitudes and colors as expected in the Johnson-Cousins (UBVRIJHK) photometric system are
provided. We pay attention to the contribution of thermally pulsating asymptotic giant branch (TP-AGB) stars. The
sensitivity of the predicted SBF to changes in the mass-loss scenario along the TP-AGB phase is examined. Below
0.6Ð1 Gyr both optical and near-IR SBF models exhibit a strong dependence on age and mass loss. We also evaluate
SBF amplitudes using Monte Carlo techniques to reproduce the random variation in the number of stars experiencing
bright and fast evolutionary phases (red giant branch, AGB, TP-AGB). On these grounds we provide constraints on
the faintest integrated ßux of real stellar populations required to derive reliable and meaningful SBF measurements.
We analyze a technique for deriving SBF amplitudes of star clusters from the photometry of individual stars and
estimate the uncertainty due to statistical effects, which may impinge on the procedure. The Þrst optical SBF mea-
surements for 11 Large Magellanic Cloud (LMC) star-rich clustersÑwith ages ranging from a few megayears to
several gigayearsÑare derived usingHubble Space Telescopeobservations. The measurements are compared to our
SBF predictions, providing a good agreement with models of metallicityZ ¼ 0:0001 0:01. Our results suggest that,
for TP-AGB stars, a mass loss as a power-law function of the star luminosity is required in order to properly reproduce
the optical SBF data of the LMC clusters. Finally, near-IR models have been compared to available data, thus showing
that the general trend is well Þtted. We suggest how to overcome the general problem of SBF models in reproduc-
ing the details of the near-IR SBF measurements of the Magellanic Cloud star clusters.
Key words:distance scale Ñ galaxies: stellar content Ñ globular clusters: general Ñ

open clusters and associations: general Ñ stars: luminosity function, mass function
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1. INTRODUCTION

The surface brightness ßuctuation (SBF) technique (Tonry &
Schneider 1988, hereafter TS88) is one of the most powerful
methods for deriving extragalactic distances for gas-free stellar
systems. In the last decade, the SBF technique has proven to be
effective in estimating distances as far as 50 Mpc, and even larger,
usingground-based observations (e.g., Tonry et al. 2001; Blakeslee
et al. 2001; Mei et al. 2001; Liu et al. 2002) and out to distances
exceeding 100 Mpc from space (Pahre et al. 1999; Jensen et al.
2003). Since the method has been primarily applied to elliptical
galaxies and to the bulges of spirals, theoretical SBF studies have
been mostly oriented toward old stellar systems (t > 2 5 Gyr;
Worthey 1993; Buzzoni 1993; Liu et al. 2000; Blakeslee et al.
2001; Cantiello et al. 2003, hereafter Paper I).

Along with its ability in gauging distances, the SBF technique
appears to be a very promising tool for investigating the evolu-
tion of unresolved stellar populations in distant galaxies. Attempts
have been made to derive consistent estimations of age and met-
allicity for samples of galaxies from SBF measurements (Brocato
et al. 1998; Liu et al. 2000, 2002; Blakeslee et al. 2001; Paper I;

Raimondo et al. 2004). However, even in galaxies dominated by
old stars, disregarding the effect of the contribution by possible
intermediate-age and young stellar populations (t < 2 5 Gyr)
may be hazardous. The presence of different stellar populations
at different galactocentric distances, revealed by integrated colors
and spectral index radial gradients, indicates that elliptical galax-
ies are mostly composite stellar systems (e.g., Pagel & Edmunds
1981). SBF gradient measurements support this view (Sodemann
& Thomsen 1995; Cantiello et al. 2005). Relatively young
He-burning and/or asymptotic giant branch (AGB) stars may con-
tribute to the brightest part of the galaxy luminosity function
(LF). Because the major contribution to the SBF signal comes
from high-luminosity stars, it is relevant to know how SBF am-
plitudes change by lowering the age of the stellar system down
to a few million years, in those photometric bands in which the
SBF signal is mostly affected by the presence of young and
intermediate-age stellar populations.

Before facing the problem of Þnding the age and metallicity of
possibly mixed stellar populations in remote galaxies using SBFs,
their capability as a population tracer has to be proven and care-
fully tested on stellar systems of known distance, age, and metallic-
ity. Then, once calibrated on resolved Galactic and Local Group
stellar populations, SBFs can become a valuable tool in the anal-
ysis of the stellar content in galaxies, where crowding and dis-
tance hamper studies made with the classical color-magnitude
diagram (CMD) technique.

The SBF technique has also been recognized as effective in con-
straining stellar evolution theory. In a previous paper (Paper I)
we showed that the SBFs of old populations are sensitive to
the number of very bright stars evolving along the early AGB
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and thermally pulsating AGB (TP-AGB). In young stellar
populationsÑbut old enough to have stars in these stagesÑ
stochastic ßuctuations of the number of AGB stars (as triggered
by mass-loss processes and evolutionary timescale) are expected
to have even more relevance in predicting SBF amplitudes. If
this is conÞrmed, the SBF technique can also provide a new and
unexplored way for improving our understanding of physical pro-
cesses at work in AGB stars of intermediate mass (m � 5 M� ).

In the last few years, a large effort toward improving stellar
evolution models has been made in order to reproduce both the
details of AGB star evolution (Straniero et al. 1997; Pols & Tout
2001) and the evolution of ÔÔnormalÕÕ stars. New physics exper-
iments have advanced our knowledge of nuclear reaction rates
inside stars and the equation of state of stellar matter in critical
conditions. Updated and homogeneous evolutionary track data-
bases, reproducing the observed CMDs of young and intermediate-
age stellar populations in detail (e.g., Brocato et al. 2003), are now
available (Girardi et al. 2000; Castellani et al. 2003; Marigo et al.
2003; Pietrinferni et al. 2004, hereafter P04). Therefore, very
accurate SBF amplitudes can now be computed in this age range.

Pioneering work on SBFs from young simple stellar popu-
lations (SSPs) has been carried out by Gonzalez et al. (2003;
Gonzalez et al. 2004, hereafter G04) in the near-IR (NIR) and by
Raimondo et al. (2003) in the optical regime. In the present paper
we evaluate SBF amplitudes expected from SSPs younger than
5 Gyr, with metallicities fromZ ¼ 0:0003 to 0.04. Much attention
is devoted to a simulation of the TP phase and its uncertainties
by evaluating changes of chemical composition, stellar temper-
ature, and the whole structure of TP-AGB stars as prescribed by
Wagenhuber & Groenewegen (1998, hereafter WG98). Mass-
loss processes complicate enormously the modeling of TP-AGB
star observational properties.

This complex picture is expected to have a huge impact on the
SBF behavior for intermediate-age stellar populations. In turn,
SBF magnitudes and colors could be decisive in putting constraints
on the evolution of AGB stars, e.g., the efÞciency of mass loss,
in stellar systems with known age and metallicity, since they are
extremely efÞcient in mapping the properties of very bright stars
in the population (Paper I).

In order to test our predictions, we select a sample of 11 star
clusters of the Large Magellanic Cloud (LMC). For seven such
clusters the estimated age is within the range studied here; the
others are as old as the Galactic globular clusters (GGCs). Op-
tical SBF measurements are derived using the photometry of
resolved stars from high-resolution images of each cluster, as
obtained with the Wide Field Planetary Camera 2 (WFPC2) on
board theHubble Space Telescope(HST).

The paper is organized as follows: A description of inputs of the
stellar population synthesis code is presented inx 2. The methods
for computing SBF amplitudes and stochastic effects due to the num-
ber of stars in the population are presented inxx3 and 3.1. SBF
predictions are shown as a function of the TP-AGB stars mass-
loss rate inx 3.2 and of metallicity inx 3.3. We derive the optical
SBF measurements of the LMC star clusters inx 4 and present a
comparison with models inx5, together with a discussion on NIR
SBFs. A summary and the Þnal conclusions end the paper (x 6).

2. THEORETICAL FRAMEWORK

In order to compute SBF amplitudes, we use the stellar pop-
ulation synthesis code described in Brocato et al. (1999, 2000).
Here we only recall that the code starts directly from stellar evo-
lutionary tracks and relies on the Monte Carlo technique for popu-
lating the initial mass function ( IMF). The former property helps
to avoid problems in the mass bin or luminosity bin procedures,

which may affect the use of isochrones. The latter property al-
lows us to take into account stochastic effects due to the number
of stars in the stellar system, even for SBF amplitudes. If we deal
with star clusters and undersampled stellar systems, stochastic
ßuctuations of the number of bright stars may affect integrated
quantities (e.g., Santos & Frogel 1997; Brocato et al. 1999). The
procedure used here takes these effects directly into account.

The present SSP models rely on the evolutionary track data-
base by P04. All the evolutionary phases, from the main sequence
(MS) up to the AGB, are covered by models. In particular, the
AGB evolution runs up to the onset of the Þrst thermal pulse or to
the carbon ignition. We selected stellar evolutionary models with
metallicitiesZ ¼ 0:0003, 0.001, 0.004, 0.008, 0.01, 0.02, and
0.04, computed by adopting a solar-scaled metal distribution
with an enrichment law of� Y/� Z • 1:4.

In spite of the numerous improvements in the accuracy and
precision of stellar evolutionary models, only a few tracks pro-
vide a detailed and full evolution along the TP-AGB phase (e.g.,
Straniero et al. 1997; Herwig et al. 1997; Pols & Tout 2001).
Moreover, not all of them homogeneously cover the wide range
of chemical compositions and stellar masses needed to investi-
gate resolved and unresolved stellar populations. Since bright
stars play a relevant role in determining SBFs, the TP-AGB phase
cannot be neglected. We devoted particular care in including this
evolutionary phase in our simulations. For the sake of readabil-
ity, the discussion and details on how we treat TP-AGB stars are
presented in Appendix A.

In the present paper, colorÐeffective temperature (Teff) relations
come from the semiempirical compilation by Westera et al. (2002),
which is an updated version of the library by Lejeune et al. (1997).
A Scalo-like IMF (Scalo 1998) is assumed for stellar masses in
the intervalm ¼ 0:1 10M� . Note that the upper mass limit cor-
responds to the highest mass evolving off the MS in the youngest
population we considered, i.e.,t � 25 Myr. All the more massive
stars are expected to explode as supernovae, since their quiescent
nuclear burning lifetime is as long as a few million years.

By means of Monte Carlo techniques,Nsim ¼ 5000indepen-
dentsimulations are computed for each set of SSP parameters,
i.e., age (t) and metallicity (Z). The total mass of each simulation
is typicallyM • 104 M� , unless explicitly stated otherwise. The
explored age range is 25 Myr� t � 5 Gyr.5 As an example of
one of the 5000 simulations, in Figure 1 we report the synthetic
CMDs of the simulated stellar populations, for a few selected
ages, in the theoretical ( logL/L� , logTeA)-plane.

3. SBF AMPLITUDES

In this section we present two different methods for computing
SBFs. We discuss in detail their analogies with observations and
investigate stochastic effects on SBF amplitudes, caused by the
discrete nature of the number of stars in stellar systems. The im-
pact of bright and rare TP-AGB stars on SBFs is also presented.

Thestandardprocedure we developed to calculate SBFs has
already been presented in Paper I. It is based on the following
equation, valid in the Gaussian statistics regime, i.e., for a high
number of stars (TS88):

øMX ¼ � 2:5 logøFX ¼ � 2:5 log
FX � FXh ið Þ2

� �

FXh i

� �
; ð1Þ

5 At the time of publication, models fully consistent with the present theo-
retical scenario for ages larger than 5 Gyr, and for all metallicities presented here,
are available at the Web site http://www.oa-teramo.inaf.it /SPoT. These old-age
models will be discussed in detail in a forthcoming paper.
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whereøFX is the ßux ßuctuation in the generic photometric Þlter
X andFX andhFXi are respectively the total ßux of each simu-
lation and the mean total ßux averaged overNsim simulations,
i.e.,

FX � F j
X ¼

XNstar

i¼1

fi (X ); j ¼ 1; Nsim; ð2Þ

wherefi (X ) corresponds to the absolute ßux of thei th star pop-
ulating thejth simulation and

FXh i ¼

P Nsim
j¼1 F j

X

Nsim
: ð3Þ

For the sake of clarity, in this section absolute SBF ampli-
tudes derived from equation (1) are indicated asøM std

X . As stated
in Paper I, there is a close correspondence between the standard
procedure and the way of measuring SBFs for unresolved stellar
populations. In fact, the integrated energy ßuxF j

X corresponds to
the ßux measured in a single pixel of a galaxy CCD image (if both
seeing and population mixture are neglected).

WhenNsimis equal to 5000,øM std
X reaches the asymptotic value

( øM std;as
X ). Note thatøM std

X runs very quickly (after a few hundred
simulations) towardøM std;as

X (Appendix B), and the uncertainties
are reduced (• 0.05 mag; Paper I ). The asymptotic value has the
same physical meaning as the classical SBF predictions in the
literature (e.g., Worthey 1993; Buzzoni 1993; Liu et al. 2000;
Blakeslee et al. 2001; G04).

For spatially resolved star clusters, we can apply another tech-
nique for measuring SBFs. It was Þrst introduced by Ajhar &
Tonry (1994, hereafter AT94) and is based on individual star pho-
tometry. By means of our method of computing SSP models and
integrated properties, we can provide SBF predictions for eachj th
simulation by directly applying the deÞnition of an SBF as intro-
duced by TS88 (their eqs. [7]Ð[9]):

øM RS; j
X ¼ � 2:5 log

P Nstar
i¼1 fi (X )2

P Nstar
i¼1 fi (X )

" #

; j ¼ 1; Nsim: ð4Þ

Note thatøM RS; j
X corresponds to the SBF obtained using the pho-

tometry of all stars in a cluster and directly relies on the Poissonian








































