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ABSTRACT

Standard evolutionary synthesis models rely on the assumption of a fully sampled stellar initial mass function (IMF). Under this
assumption, the age, chemical composition, and IMF uniquely define the predicted absorption spectra. However, with current instru-
mentation pushing observations towards higher spatial resolutions and lower surface brightnesses, the assumption of a fully sampled
IMF does not always hold true. Here we present the semi-resolved version of the FASTAR models, a comprehensive set of evolution-
ary synthesis predictions able to reproduce the stochastic behavior of discretely-sampled IMFs. Semi-resolved FASTAR predictions
share the same evolutionary principles, ingredients, and features of the integral (fully sampled IMF) version of the FASTAR models,
expanding a range of ages from 20 Myr to 14 Gyr, metallicities between —2.5 < [M/H] < +0.3, and several IMF functional forms. De-
tailed spectroscopic measurements can be carried out within the 3540—7400 A wavelength range, and low-resolution spectral energy
distributions can also be synthesized over a wider 2000-to-12 000 A coverage. Semi-resolved FASTAR models also depend on the
number of stars contributing to the observed spectra, which determines the effective sampling of the different stellar evolutionary
phases along the isochrones. This incomplete sampling implies that semi-resolved FASTAR models are inevitably stochastic. On top
of the inherent stochasticity of the models, derived quantities such as equivalent widths, colors, or mass-to-light ratios might present
strong deviations compared to standard fully sampled simple stellar population models. This stochasticity dilutes the boundary be-
tween model predictions and data, promoting new sampling-based inference approaches. FASTAR semi-resolved models allow for

the effective exploration of the parameter space thanks to their optimized, JAX-based computation.
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1. Introduction

Understanding the formation and evolution of galaxies requires
an accurate interpretation of their integrated light. Beyond the
Local Group, where stars can be individually resolved, the pho-
tometric and spectroscopic properties of galaxies are commonly
interpreted in terms of physically meaningful quantities via
evolutionary stellar population synthesis models. While alter-
native approaches are possible (e.g., Spinrad & Taylor 1971;
Faber 1972; Pickles 1985; Bica & Alloin 1986; Bica 1988;
Schmidt et al. 1991; Pelat 1998; Martin-Navarro & Vazdekis
2024) the synthesis of integrated stellar population mod-

* Corresponding author: imartin@iac.es

els anchored in the predictions from stellar evolution the-
ory is now one of the most widely adopted tools in extra-
galactic astronomy (e.g., Tinsley & Gunn 1976; Worthey 1994,
Leitherer et al. 1999; Bruzual & Charlot 2003; Thomas et al.
2003; Maraston 2005; Schiavon 2007; Vazdekis et al. 2010;
Conroy & van Dokkum 2012; Robotham & Bellstedt 2025).
Simple stellar population (SSP) models are the fundamental
output of evolutionary synthesis codes. An SSP model aims to
represent the flux (luminosity) emitted by an (infinitely large)
collection of stars with the same age and chemical composition.
With the relative number of stars with different masses deter-
mined by the stellar initial mass function (IMF), the predicted
spectral energy distribution of an SSP model is uniquely defined
by the age of the population, its chemistry, and the underlying
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IMF. Conversely, the observed spectro-photometric properties of
galaxies can be translated into these basic parameters or related
quantities such as stellar masses or star formation rates (see e.g.,
Conroy 2013, for an in-depth review of the synthesis and poten-
tial uses of evolutionary models).

Over the years, the refinement of SSP models has reached a
great level of maturity, and their success is undeniable. Yet, their
range of applicability is limited to situations where the funda-
mental assumptions of evolutionary synthesis hold. While this is
true in a large fraction of real-world applications, some inter-
esting astrophysical cases push standard SSP models beyond
their limits. In particular, when the number of stars per res-
olution element (i.e., the number of stars contributing to the
observed spectral energy distribution) is not large enough, evo-
lutionary population synthesis becomes intrinsically stochastic
(e.g., Cervifio & Luridiana 2004, 2006; Cervifio 2013). There-
fore, in this so-called semi-resolved regime, model predictions
are no longer uniquely defined by the age, chemical composi-
tion, and IMF of the stellar population.

The stochastic nature of finitely samples stellar populations
is well known (e.g., Buzzoni 1993; Renzini 1998; Cerviiio et al.
2002; Conroy & van Dokkum 2016). From a practical perspec-
tive, it has mostly been applied to young stellar populations in
which the presence or absence of a few massive stars can sig-
nificantly affect the integrated stellar spectrum of a population
(e.g., da Silva et al. 2012; Eldridge 2012; Krumholz et al. 2015;
Orozco-Duarte et al. 2022; Stanway & Eldridge 2023). In addi-
tion, the stochasticity in the integrated light of star clusters has
also been the subject of dedicated studies (Cervifio et al. 2000;
Bruzual 2002; Fouesneau & Lancon 2010; Fouesneau et al.
2012; Beermanetal. 2012; Brancoetal. 2024). Moreover,
the underlying physical process enabling the use of surface
brightness fluctuations as distance (Tonry & Schneider 1988;
Tonry et al. 2001; Blakeslee et al. 2009) and stellar popula-
tion content (Cervifio et al. 2008; Rodriguez-Beltran et al. 2021)
indicators is also the inherently stochastic nature of semi-
resolved populations.

Semi-resolved stellar populations are therefore a natural
expectation. Up until recently, however, the study of them has
been focused on the specific scientific cases described above,
although current technological advances are pushing the lim-
its out to where stochasticity cannot be neglected. For example,
high spatial resolution studies of relatively nearby galaxies using
integral field spectroscopy show fluctuations in the recovered
stellar population maps larger than expected from the signal-
to-noise of the data (e.g., Pinna et al. 2019; Bittner et al. 2020;
Neumann et al. 2020; Martin-Navarro et al. 2021; Drory et al.
2024; Sanchez et al. 2025).

More critically, the increasing sensitivity of optical detec-
tors is pushing the limits of low-surface-brightness studies
(e.g., Abraham & van Dokkum 2014; van Dokkum et al. 2015;
Trujillo & Fliri 2016; Mihos et al. 2017; Trujillo et al. 2021;
Martinez-Delgado et al. 2025). With forthcoming ground-
and space-based facilities specifically devoted to obtaining
unprecedentedly deep photometric data, such as the Dark
Energy Spectroscopic Instrument (Dey etal. 2019), Euclid
(Euclid Collaboration: Mellier et al. 2025; Euclid Collaboration:
Urbano et al. 2026), or the Vera C. Rubin Observatory
(Ivezi€ et al. 2019; Martin et al. 2022), establishing robust meth-
ods to model and interpret semi-resolved observations will be
crucial for fully exploiting the scientific potential of the low-
surface-brightness Universe. Yet the most important challenge
for standard stellar population models lies ahead. The mil-
liarcsecond physical-scale resolution of the next generation of
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40-meter-class telescopes, such as the Extremely Large Tele-
scope, will yield semi-resolved observations of every nearby
galaxy. In this context, detailed observational astronomy in the
coming decades will be, by necessity, semi-resolved.

In the first paper of this series, we presented FASTAR, a dif-
ferentiable evolutionary stellar population synthesis code. Here
we make use of the fast and optimized tools of FASTAR to
describe the synthesis of semi-resolved predictions. These pre-
dictions are based on the exact same principles as standard SSP
models, retaining their strength and applicability, but are made
to match semi-resolved observations with a variable number of
stars. The layout of this paper is as follows. In Sect. 2 we detail
the basic FASTAR ingredients, in Sect. 3 we present the syn-
thesis of the semi-resolved predictions, and in Sect. 4 we out-
line the overall behavior of the models. In Sect. 5 we expand on
some immediate applications of the FASTAR predictions, while
in Sect. 6 we discuss some of the observational practicalities.
Finally, in Sect. 7 we summarize the main features of the semi-
resolved FASTAR models and outline upcoming developments.

2. Model ingredients

FASTAR semi-resolved predictions are based on the same model
ingredients as the standard fully sampled SSP models described
in the first paper of this series. Semi-resolved predictions are
also computed using the JAX Python library (Bradbury et al.
2018; Frostig et al. 2019), with native numerical autodifferentia-
tion and optimized computation with both a CPU and GPU. The
five main FASTAR ingredients are described in the following.

2.1. Initial mass functions

FASTAR comes with six predefined functional forms for the
IMF. Models with both Kroupa (2001) and Chabrier (2003) IMF
shapes can be synthesized representing the Milky Way standard.
In addition, FASTAR also incorporates a single and a broken
power-law (three segments) IMF parameterization with variable
slopes. Furthermore, the so-called bimodal IMF functional form
described in Vazdekis et al. (1996) is also included as well as
a tapered power-law, as defined in De Marchi et al. (2005). All
the fixed and variable parameters of these IMF functional forms
are easily accessible and modified according to the user’s needs.
More details on each IMF description are given in Section 2.1
of the first FASTAR paper. In addition to these predefined IMF
parametrizations, FASTAR also offers the possibility of generat-
ing model predictions for any user-defined IMF functional form.

2.2. Isochrones

Stellar evolutionary theory is coded into the FASTAR mod-
els through the BaSTI-IAC isochrones (Hidalgo et al. 2018;
Pietrinferni et al. 2021, 2024). In particular, we used the lat-
est version of their solar-scaled isochrones, including improved
prescriptions for atomic diffusion and overshooting. This set of
isochrones covers a range in age from 20 Myr to 14 Gyr and
—2.5 to +0.3 in total metallicity [M/H], which in practice sets
the applicability range of the models.

Currently, FASTAR model predictions do not include vari-
able elemental abundances, even if individual stars have non-
solar abundances (see details below in the stellar libraries). As
for the case of the standard FASTAR SSP predictions, semi-
resolved FASTAR models can be evaluated at any specific age,
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metallicity, and IMF thanks to the consistent sampling of the
BaSTI isochrones.

2.3. Bolometric corrections

Rather than using the bolometric luminosities of the BaSTI-IAC
isochrones, we followed the synthesis approach of the MILES
models (Vazdekis et al. 2010, 2015). In this approach, theoretical
stellar luminosities are translated into V-band absolute magni-
tudes using the bolometric corrections of Worthey & Lee (2011).
FASTAR predictions are anchored to the Sun, assuming a bolo-
metric magnitude of 4.70 and a V-band bolometric correction of
BCg = —0.12. This results in flux predictions scaled to a distance
of 10 parsecs.

2.4. Stellar interpolator

The core component of FASTAR is its stellar interpolator which
provides fast, accurate, and differentiable stellar spectra. In a
nutshell, FASTAR interpolation follows a similar approach as in
Alsing et al. (2020). Instead of predicting the entire spectrum of
a star given its atmospheric parameters (T.s, log g, [Fe/H]), we
first reduce the dimensionality of the spectra using a simple prin-
cipal component analysis (PCA) decomposition. This initial step
reversibly compresses the entire spectrum (usually evaluated at
a few thousand wavelengths) into, in our case, a 16-element vec-
tor, containing the PCA projection coefficients.

Then, a simple fully connected neural network with four hid-
den layers (64, 128, 128, 64) is trained using a mean squared
error loss function to predict these 16 coefficients given the three
atmospheric parameters. As demonstrated in the first FASTAR
paper, this interpolation scheme performs at the same level as
the stellar interpolator behind the MILES models. However, it
is orders of magnitude faster in the synthesis of new stellar
spectra.

2.5. Stellar libraries

Using the ingredient above, FASTAR can produce two sets of
predictions. On the one hand, over the 3540-7400 A wave-
length range, FASTAR provides detailed spectroscopic predic-
tions at a 2.51 A full width at half maximum resolution (same
as MILES, Falcon-Barroso et al. 2011). These predictions are
based on the combination of two stellar libraries: the Medium-
resolution Isaac Newton Telescope library of empirical spectra
(MILES, Séanchez-Blazquez et al. 2006) and the BOSZ syn-
thetic stellar spectral library (Mészaros et al. 2024). Details on
the combination and training of the PCA-based neural network
regressor are given in the first FASTAR paper, where we also
demonstrate how the combination of both stellar libraries yields
accurate stellar predictions across the entire T.g—log g—[Fe/H]
parameter space. Powered by the thoroughly tested MILES stel-
lar templates, this set of FASTAR predictions is meant to be used
for detailed spectroscopic analyses.

For many photometric applications, however, a broader
wavelength range is required. Therefore, FASTAR has an addi-
tional set of predictions that is entirely based on the BOSZ
theoretical stellar templates, expanding from 2000 to 12 000 A
These alternative FASTAR models can be convolved with any
set of photometric filters to reproduce generic spectral energy
distributions but are intentionally undersampled in the spectral
direction (A1 = 4 A) to discourage their use for spectroscopic
purposes.
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3. Semi-resolved versus integral synthesis

In general, standard evolutionary stellar population models
define the flux emitted by an SSP with a given age and metal-
licity as

Mhigh (42€)

F, (age,[M/H]) = f SYV(m | age, IM/H]) x(m)dm (1)

Miow

where Sflwv(m | age, [M/H]) are the interpolated stellar spectra
(scaled to their expected V-band absolute magnitude) and y(m)
the relative number of stars with different stellar masses, i.e., the
IMF. Underneath Eq. (1), stellar evolution theory determines the
integration limits (in particular the most massive star contribut-
ing to the observed flux), the mapping between stellar mass, age,
metallicity and T.g— log g (i.e., the isochrones) and the luminos-
ity or scaling factor of each STV.

Equation (1), however, only holds valid in the limit where a
large enough number of stars are observed within a given reso-
lution element'. To generate evolutionary semi-resolved predic-
tions, f;, in FASTAR we modeled the flux of a finite ensemble
of stars using a simple summation:

Nitars

fi(age, IM/HI, Nys) = ) S7¥(m | age, IM/H])..
i=1

@

Similarly to standard SSP models, stellar evolution theory
determines the relation between stellar mass and atmospheric
parameters for a given age and metallicity and thus the stellar
spectra (SAMV) on the right-hand side of Eq. (2). These stellar
spectra are again scaled to match the V-band absolute magnitude
predicted by the isochrones (modulo the bolometric correction).
The main difference between the integral synthesis (Eq. 1) and
the semi-resolved version (Eq. 2) is that in the latter, the mass
of each of the Ny, is randomly sampled following the assumed
IMF.

To illustrate the similarities and differences between inte-
grated and semi-resolved FASTAR predictions, Fig. 1 shows the
effect of increasing the number of stars, from 10 to 10 000 000, in
an integrated stellar population. In FASTAR, the semi-resolved
regime inherits exactly the same stellar population parameters as
the standard integrated SSP models, namely age, total metallic-
ity, and IMF, as these quantities define the evolutionary side of
the model. On top of these, semi-resolved predictions in FAS-
TAR are characterized by an additional parameter: the number
of stars contributing to the integrated flux.

Although the age, metallicity, IMF, and number of stars fully
specify the physical model, semi-resolved FASTAR predictions
remain stochastic by construction. In other words, a fixed tuple
of model parameters (age, [M/H], IMF, Ngqs) does not generate
a unique spectrum since the IMF, and thus stellar evolutionary
phases, are stochastically sampled. This is the fundamental dis-
tinction with respect to standard fully sampled evolutionary syn-
thesis models: while the underlying physics and ingredients are
identical, semi-resolved models produce a distribution of possi-
ble spectroscopic predictions rather than a single deterministic
one.

An important consideration is worth highlighting here. For
a given age and metallicity, stellar mass maps stellar evolution
in a mono-parametric way, thus defining the properties of the

! In the optical range, Nyas ~ 107 typically separates fully sampled
from semi-resolved regimes (see e.g., Cervifio & Luridiana 2004, and
sections below).
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Fig. 1. Stochastic nature of FASTAR semi-resolved predictions. In the left panel, each row shows five random semi-resolved SSP models (in gray)
resulting from different stochastic samplings of the IMF. The corresponding IMF realizations are shown in the right panels (also in gray), along
with the assumed IMF (red) and the mean stellar mass of the population. For reference, the standard fully sampled SSP prediction is included in
red in the left panels (scaled to arbitrary units for comparison). All realizations correspond to a 10 Gyr, solar-metallicity population. From top to

bottom, the number of stars increases from 10 to 1 000 000.

individual stellar spectra that go into the synthesis of an SSP
and their luminosities. Therefore, although FASTAR models are
calculated through a random mass sampling of the IMF, the syn-
thesized spectra effectively depend on the different stellar evo-
lutionary phases probed by the isochrone. In simpler terms, the
presence of a luminous red giant will have a much more notice-
able impact on a semi-resolved SSP model that the absence of
a low-mass M dwarf. Thus, the variety of spectral properties in
the semi-resolved regime results from a complex and nonlinear
interaction between the number of stars, their stellar masses, and
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their evolutionary phase, all of this modulated by the assumed
IMF. The upcoming sections will expand on this connection
between number of stars, IMF sampling and stellar evolutionary
phases.

The intrinsic stochasticity of these models can be quantified
in different ways, for instance, by providing the mean spectrum
(i.e. the SSP) and its variance for a grid of ages and metallicities
(Vazdekis et al. 2020). However, FASTAR offers a more natural
approach to modeling the light from semi-resolved populations
by explicitly sampling the IMF as many times as needed (Nrs)
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to reproduce the observed data. Note that semi-resolved FAS-
TAR models converge to the fully sampled IMF predictions as
Ngars — 00, generalizing the use of evolutionary stellar popula-
tion models.

Two immediate things are evident from Fig. 1. First, the
most obvious one, the scatter decreases as the number of stars
increases. It is worth noting also that, as expected, the conver-
gence towards the mean SSP value (red spectra) happens faster
towards bluer wavelengths at these old ages (see e.g., Cervifio
2013). Second, on average, the total luminosity increases as well
with the number of stars. Contrary to standard fully sampled pre-
dictions that are usually scaled to one solar mass, semi-resolved
FASTAR models predict the actual flux, scaled at 10 pc, expected
from a population with the given number of stars and IMF sam-

pling.

4. Model predictions

Despite the differences between fully sampled and semi-resolved
evolutionary model synthesis, the predicted quantities are the
same. In particular, FASTAR semi-resolved models can be used
to generate spectra as demonstrated in Fig. 1, which can then be
analyzed through line-strength indices and colors as traditional
models. In addition, mass-to-light ratios can also be retrieved for
each realization for any filter within the FASTAR wavelength
coverage.

In the subsections below we describe how these derived
quantities change as a function of the number of stars. The fol-
lowing figures also represent the distribution of expected values,
indicating the 1/99 and 10/90 percentiles. Contrary to the stan-
dard way of delivering evolutionary model predictions, FASTAR
allows the user to synthesize any arbitrary number of models.
Thus, these percentiles boundaries are not designed to formally
describe the behavior of the line strengths, colors etc. but to
exemplify the range of possible values. Note also that the vari-
ation in these quantities should not be interpreted as a model
uncertainty but as a consequence of the intrinsic stochasticity of
semi-resolved evolutionary stellar population models.

4.1. Line-strengths indices

Figure 2 shows the behavior of the Hg, (Cervantes & Vazdekis
2009, top panel), the Mgb (Worthey et al. 1994, middle panel),
and the TiO, (Faberetal. 1985; Trageretal. 1998, bottom
panel) line-strength indices as a function of the number of stars
for a 10 Gyr old population with solar metallicity, and Milky
Way-like IMF. These three indices are mostly sensitive to age,
metallicity and IMF slope, respectively, and exemplify how line-
strength predictions can vary in the semi-resolved regime even
when the underlying population has the same physical proper-
ties. Shaded blue areas indicate the 1/99 and 10/90 distribution
percentiles over 1 000 000 realizations, while the solid blue line
shows the median value. We increase the number of realizations
when decreasing the number of stars to capture the enhanced
variability of the model predictions. For comparison, each panel
also includes dashed horizontal lines corresponding to the line-
strength values expected when changing the stellar population
properties for a fully sampled SSP model.

When the number of stars falls below Ny ~ 103 per reso-
lution element, the stochastic fluctuations of the models become
the dominant factor, inducing changes in the observed line-
strength indices much larger than those expected from varia-
tions in age, metallicity, or the IMF (dashed horizontal lines).
The asymmetric distribution around the median value results

1/99 percentile
10/90 percentile
—— Median

1 10 Gyr, solar metallicity, Milky Way IMF

10

Mgb [A]
o

[M/H]=+0.3

[M/H]=-0.3

TiO; [mag]
o o o
w IS U

o
N

@=3.5 (bottom-heavy)

=4
=

a=0.5 (top-heavy)

o
=)

2 3 4 5 6
l0g Nstars

Fig. 2. Behavior of line-strength indices. From top to bottom, the distri-
bution of FASTAR semi-resolved predictions as a function of the num-
ber of stars in the population is shown for the Hg,, Mgb, and TiO, fea-
tures, respectively. These distributions correspond to 1,000,000 stochas-
tic IMF samplings of the same 10 Gyr old, solar metallicity, and Milky
Way-like IMF population. The median of the distribution is shown with
a solid blue line and the shaded regions correspond to the 10/90 and 1/99
percentiles. The blue dashed line indicates the fully sampled SSP FAS-
TAR prediction. For comparison, dashed horizontal lines mark the line-
strength value expected in the fully sampled regime for various ages,
metallicities and IMFs. Line-strength values have been calculated at the
nominal 2.51 A resolution of the FASTAR models.

from the sampling of specific stellar masses and thus evolu-
tionary phases (e.g. low-mass main sequence, turn-off, or giant
star) when changing the number of stars in the population.
This is clearly exemplified by the TiO, behavior. This index
is more prominent in the atmospheres of cool giant stars (e.g.,
Spiniello et al. 2014) and therefore the measured line strengths
are biased towards low TiO, values if the number of stars is
low. Only when the contribution of the more massive and less
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frequent giant stars rises through a larger number of stars, the
distribution of TiO, values converges towards the fully sam-
pled SSP expectation. Interestingly, neither Hg, nor Mgb exhibit
clear biases as the number of stars decreases. In general, if
the number of stars is low, line-strength measurements can-
not be directly translated to physical parameters. For complete-
ness, Appendix A includes a similar assessment but for a young
(0.25 Gyr) population.

It is evident from Fig. 2 that, in the semi-resolved regime, the
recovered spectral properties are a balance between the intrin-
sic properties of the stellar population and the IMF and stellar
evolution sampling, which depends on the number of stars per
resolution element. Therefore, in this regime, the choice of the
IMF has a strong effect on the model predictions. Figure 3 is
equivalent to Fig. 2 but in this case, the FASTAR semi-resolved
predictions have been calculated assuming a single power law,
bottom-heavy IMF (unimodal, @ = 3.5). While there are obvi-
ous similarities between both figures, it is also clear that the IMF
has an important role in modulating the behavior of the three
indices. In particular, Fig. 3 does show clear biases in the mea-
sured line-strength values when decreasing the number of stars,
with weaker Hg, values and stronger Mgb and TiO, features as
the number of stars decreases.

The intrinsic spread in semi-resolved spectral predictions,
and consequently in the derived line-strength indices, places
clear limits on how accurately stellar population parameters
can be constrained from individual line-strength measurements?.
This effect is further illustrated in the Hg,—Mgb grid shown
in Fig. 4. Such index—index diagrams are commonly used
in detailed spectroscopic analyses (e.g., Worthey et al. 1992;
Thomas et al. 2005; Kuntschner et al. 2010; La Barbera et al.
2019) since, in the fully sampled regime, a pair of line-strength
measurements can (in principle) fully determine the properties
of the underlying stellar population. These unique predictions
for standard fully sampled SSP models are shown as a black grid
in Fig. 4.

In the semi-resolved regime, however, the prospects are
different. The green, red, and blue contours in Fig. 4 show
the projected distributions of line-strength measurements (from
Fig. 2) for log Ngars = 5.5, 3.5, and 2.5, respectively. Even
for a relatively large number of stars (green contours) the
stochastic nature of finite, semi-resolved populations can intro-
duce a scatter up to ~0.1 dex in metallicity and ~1 Gyr in age,
despite all measurements corresponding to the same 10 Gyr,
solar-metallicity model. For smaller numbers of stars per res-
olution element (red and blue contours), the scatter becomes
much larger, with line-strength values extending well beyond the
boundaries of the original model grid. In addition, small system-
atic biases emerge as the number of stars decreases.

4.2. Colors

Colors of semi-resolved populations can also be computed
directly with FASTAR by convolving the model spectra with
any desired set of photometric filters. As noted above, FASTAR
models can be generated with full spectroscopic detail over the
3540-7400 A wavelength range, and for photometric applica-
tions over a broader 2000—12 000 A coverage. To illustrate the
impact of stochastic IMF sampling in semi-resolved populations,

2 Note, however, that the shaded areas in Figs. 2 and 3 represent the
expected range of model values and should not be interpreted as uncer-
tainties in the recovered stellar population parameters. The latter will
depend on the specific fitting approach and on the properties of the data.
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Fig. 3. Same as Fig. 2 but line-strength predictions have been calculated
assuming a single power law, bottom-heavy IMF (a = 3.5).

Fig. 5 shows the predicted (g — r) color, as in Fig. 2, calculated
for a 10 Gyr, solar-metallicity population with a Milky Way-like
IMF, using the narrower FASTAR wavelength range.

The impact of stochasticity on the integrated colors of semi-
resolved populations is larger than that observed in the line-
strength indices. Even when the population is composed of ~10°
stars, the 16/84 percentile variation (~+10) in the measured
(g — r) color is ~0.09 mag. When Ny is even lower, the range
of possible colors increases, becoming compatible, under the
assumption of a fully sampled IMF, with a range of ages and
metallicities, as indicated by the horizontal dashed lines in Fig. 5.
On top of this large color scatter, a bias towards blue (g — r)
colors is also evident as the number of stars in the population
decreases (e.g., Cervifio & Valls-Gabaud 2003), reaching a min-
imum around log Ny ~ 2.
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Fig. 4. Semi-resolved index—index diagrams. Black lines correspond to
the fully sampled Hz,—Mgb FASTAR predictions for different ages and
metallicities, as noted by the labels. On top, green, red, and blue con-
tours show FASTAR index—index distributions for Nyus = 10°2, 1033,
and 10?3, respectively, for a population with solar metallicity and an
age of 10 Gyr. Colored marks indicate the median of the distributions.
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Fig. 5. Color dependence on the number of stars. Green shaded areas
indicate the 10/90 and 1/99 percentiles of the distribution of measured
(g — r) colors as a function of Ny, for semi-resolved populations of
10 Gyr, solar metallicity and a Milky Way-like IMF. The green solid
line corresponds to the median trend. For reference, horizontal dashed
lines mark the FASTAR color prediction for a fully sampled IMF with
different ages and metallicities.

A large scatter in the color predictions for a given stellar
population casts further doubts on the validity of standard analy-
sis approaches when dealing with semi-resolved stellar systems.
Figure 6 shows, in black, the fully sampled FASTAR predictions
for the (g — r) vs Mgb plane and in colored contours (green, red,
and blue) semi-resolved realizations with log Ny, = 5.5, 3.5,
and 2.5, respectively. The range of ages and metallicities of the
grid is the same as in Fig. 4.

The increased scatter combined with the lesser sensitivity to
changes in the stellar population properties of colors vs line-
strengths is evident from Fig. 6. With populations as well sam-
pled as Ny, ~ 10, the range of possible ages covers from ~6 to
~14 Gyr. When the number of stars drops below that threshold,
the (g — r)-Mgb loses almost all predictive power, with a large
spread of possible solutions and a clear bias towards blue colors.

1.0
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Fig. 6. Color grid. Black lines indicate the FASTAR fully sampled pre-
dictions for the same age and metallicity ranges as in Fig. 4. Green, red,
and blue contours show the distributions of (g —r) and Mgb values for a
10 Gyr and solar metallicity population with a variable number of stars
(Ngiars = 10°3, 103, and 1022, respectively).

4.3. Mass-to-light ratios

In conjunction with the properties of the stellar population (age,
metallicity and IMF in the case of the FASTAR models), the
number of stars is the fundamental parameter determining the
resulting spectra of semi-resolved populations. In the fully sam-
pled regime, the number of stars and the observed mass-to-light
ratio are rigidly tied through the assumed IMF. Therefore, when
the IMF is fully sampled, the observed luminosity of a stellar
population can be directly translated into a stellar mass, or equiv-
alently into a number of stars, through the expected mass-to-light
ratio.

However, in semi-resolved populations, the mapping
between mass, luminosity, and number of stars breaks apart
because of the stochastic sampling of the IMF. Illustrating how
the mass-to-light ratio of a given population varies in the semi-
resolved regime, Fig. 7 shows the predicted r-band mass-to-light
ratio as a function of Ny, assuming again a 10 Gyr, solar metal-
licity and Milky Way-like IMF. As before, shaded areas denote
the 10/90 and 1/99 percentiles of the distribution and the solid
line indicates the median relation.

As in the previous figures, the intrinsic variability in the
IMF sampling results in a wide range of actual mass-to-light
ratios. While there is a clear bias towards high values as Ny
decreases, and therefore low-mass stars become more prominent
with respect to higher and brighter stellar masses, the scatter can
expand more than an order of magnitude, which is consistent
with the expectations of both a very old and a very young popu-
lation (horizontal dashed lines in Fig. 7).

Figure 7 showcases the difficulty of measuring the stel-
lar mass of a semi-resolved stellar population based on
its stellar population properties. Alternatively, mass-to-light
ratios can also be estimated on the basis of scaling relations
(e.g., Bell & de Jong 2001; Bell et al. 2003; Zibetti et al. 2009;
McGaugh & Schombert 2014). In practice, this is done by plug-
ging in observed colors into equations calibrated using standard
SSP models to retrieve an approximate mass-to-light in a given
photometric band.

Following this approach, Fig. 8 compares the r-band
mass-to-light ratios estimated from the (g — r) calibration of
Roediger & Courteau (2015) with the intrinsic values measured
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Fig. 7. Mass-to-light ratio. The measured r-band mass-to-light ratio
for a 10 Gyr and solar metallicity population is shown as a function
of the number of stars in the semi-resolved FASTAR models. Shaded
areas correspond to the 10/90 and 1/99 percentiles of the distribution of
retrieved values after the stochastic sampling of the IMF. The solid red
line indicates the median value for each Ny bin.

from the FASTAR semi-resolved predictions. As before, we
show the ratio between the predicted and intrinsic mass-to-light
values as a function of the number of stars. The logarithmic
scale on the vertical axis therefore represents the systematic error
that would be incurred when using color vs mass-to-light cal-
ibrations derived from fully integrated models to estimate the
stellar mass of semi-resolved populations. It is clear that color-
based estimates of the mass-to-light ratio can lead to significant
discrepancies between the predicted and true stellar masses of
semi-resolved populations, with differences of up to ~1 dex in
the recovered stellar mass when the number of stars falls below
~10*, which has evident implications in, for example, measured
scaling relations. Yet, the fact that empirical calibrations retain
some information in the semi-resolved regime is likely due to
the fact that they are ultimately sensitive to the color-luminosity-
mass relation of individual stars, which are the base of both
semi-resolved and fully sampled SSP models. Both Figs. 7 and 8
highlight a fundamental limitation inherent to the semi-resolved
regime: the number of stars is a critical parameter in determining
the properties of the emitted flux, yet, its determination poses a
nontrivial observational challenge.

5. Semi-resolved observations

FASTAR offers the possibility of modeling the complexity of
semi-resolved stellar populations within the same framework as
standard evolutionary synthesis models assuming a fully sam-
pled IMF. As noted above, however, it is not trivial to obser-
vationally determine whether all the evolutionary phases across
the IMF are sufficiently well samples in a given observation.
Currently, the study of the low-surface brightness is Universe,
arguably, one of the most evident situations where the stochastic
sampling of the IMF might have relevant impact.

In Fig. 9 we make use of the unique features of FASTAR to
predict the effect of stochastic observations at different r-band
surface brightness levels. Specifically, we show a series of arbi-
trary realizations of the (g — r) color of a semi-resolved old
and metal-poor population (10 Gyr, [M/H]=-1.5, as expected
for the outskirts of a massive galaxy or in an extended low-
mass object) vary with surface brightness. This surface bright-
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Fig. 8. Color-based mass-to-light ratio estimates. The (logarithmic)
ratio between the intrinsic mass-to-light ratio and that estimated using
the color relations of Roediger & Courteau (2015), computed as a func-
tion of Ny, for a 10 Gyr and solar metallicity FASTAR semi-resolved
population. As in the figures above, shaded areas correspond to the
10/90 and 1/99 percentiles of the measured distribution while the solid
purple line corresponds to the median.
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Fig. 9. Colors at the Virgo distance. Colored symbols represent 300
(g—r) FASTAR semi-resolved predictions for an old (10 Gyr) and metal-
poor population, observed at a distance of 15 Mpc through a 1 arcsec?
resolution element, representing the typical properties expected at low
surface brightnesses in relatively nearby galaxies. These random FAS-
TAR (g — r) realizations are shown with varying number of stars (from
left to right, as indicated by the color bar), as a function of the predicted
r-band surface brightness.

ness was calculated using the measured r-band absolute magni-
tude of each model realization, assuming that the population is
at a typical distance of 15 Mpc (i.e. that of the Virgo cluster) and
that the resolution element is 1 arcsec? (i.e. average seeing).

At this distance and according to Fig. 9, the log Nytars ~ 10°
threshold where the stochasticity of semi-resolved populations
starts to dominate occurs at 1, ~ 25 mag arcsec™2, well within our
current technical capabilities (e.g., Golini et al. 2024; Khim et al.
2025; Li et al. 2025; Euclid Collaboration: Urbano et al. 2026).
For p, ~ 28 there is a sudden increase in the predicted (g — r)
values, interpreted as the stochastic fluctuations introduced by
the appearance of (red) giant stars. This is a natural prediction
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of semi-resolved models and should be observable even with the
color uncertainty expected at this low-surface brightness level.
Evidently, the exact location of this peak depends on the distance
to the object and on the physical scale of the resolution element of
the observations. Towards fainter magnitudes, there is an evident
bias towards blue (g — r) as already shown in Fig. 5.

It is worth emphasizing that the correlation between scat-
ter, observed colors, and brightness maps results from the preva-
lence of different stellar evolutionary phases along the isochrone
as Nyas changes. To further illustrate this relation between
isochrones (and thus stellar evolution theory) and colors, Fig. 10
shows, for two different Ny, how the predicted colors scale
with the surface brightness level of the population. As in the
figure above, color predictions in Fig. 10 correspond to a 10 Gyr
old and [M/H] = —1.5 stellar population.

The top panel of Fig. 10 is particularly revealing. For Ny =
100, the color-surface brightness plane reproduces the shape of
the underlying isochrone and most of its evolutionary features.
As the number of stars increases, N = 100000 in the bottom
panel of Fig. 10, the variability decreases and becomes entirely
dominated by fluctuations in the distribution of giant stars. Verti-
cal dashed lines in the top panel indicate the color range probed
by the bottom one, demonstrating that, in the latter, fluctuations
are driven by the stochastic sampling of giant stars. In this line,
redder colors than the (g — ) shown here tend to be more sensi-
tive to the brighter (and cooler) giant population, while fluctua-
tions in bluer colors probe hotter evolutionary phases. Note also
how, in practice, Fig. 10 corresponds approximately (given that
Nstars < U,) to a vertical slice of the scatter in Fig. 9.

While Fig. 9 illustrates the importance that semi-resolved
stellar populations already have in the analysis of low-surface
brightness features, the upcoming generation of 40-meter-class
telescopes possess a much greater challenge for fully sampled
evolutionary stellar population models. With milli-arcsecond
projected scales, the stochastic nature of semi-resolved popu-
lations will be noticeable at much higher surface brightnesses.
Figure 11 represents, the (g — r) color of an average old (10 Gyr)
and solar metallicity population observed at 100 Mpc (i.e. the
Coma cluster) through a 5 milli-arcsecond scale instrument.

Interpreting the (g — r) trend and scatter in terms of the rela-
tion between IMF and stellar evolution sampling is rather evi-
dent from Fig. 11. For very low N, the synthesized FASTAR
model is dominated by the red colors of very low-mass stars®.
Then, with increasing Ny, the color becomes bluer as the main
sequence turn-off becomes more heavily sampled, reaching a
minimum at around u, ~ 25magarcsec™2. The emergence of
giant stars clearly appears, in this case, at u, ~ 19 mag arcsec™.
Once all stellar masses and thus evolutionary phases average out,
the FASTAR (g — r) converges towards the expected value of a
fully sampled SSP model of 10 Gyr and solar metallicity. For
a formal characterization of these biases we refer the reader to
Cervino & Valls-Gabaud (2003).

The most striking difference between Figs. 9 and 11 is the
surface brightness level at which stochasticity emerges. In a
nearby galaxy observed with a typical seeing (Fig. 9), semi-
resolved modeling becomes necessary for u, > 25 mag arcsec™.
However, even at 100Mpc, a galaxy observed with milli-
arcsecond resolution (Fig. 11) will show signs of stochasticity
in the observed data at surface brightnesses as high as u, ~
19 mag arcsec 2. For reference, only the innermost few arcsec-
onds of the most massive galaxies in the Coma cluster reach high

3 In this very low Ny, regime, however, the use of evolutionary stellar
population models may not be the most convenient approach.
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Fig. 10. Isochrone mapping. Both panels represent the predicted (g — r)
color and y, surface brightness for the same old and metal-poor popu-
lation of Fig. 9, observed as well with a 1 arcsec pixel scale at 15 Mpc.
Each point is a different FASTAR realization with the same age, metal-
licity, IMF and number of stars. In the top panel, FASTAR predictions
are shown for a semi-resolved population of 100 stars. Because of the
sparse sampling of the IMF and thus of the different stellar evolutionary
phases, the color and brightness fluctuations effectively map the under-
lying isochrone used to construct the model. In the bottom panel, FAS-
TAR predictions are shown for the cases of having 100000 stars. Mea-
sured surface brightnesses are therefore higher than in the upper panel,
but exhibiting milder variations driven by red giant stars. Dashed verti-
cal lines in the top panel illustrate the color range probed in the bottom
one.

enough surface brightnesses (e.g., Strom & Strom 1978) to be
analyzed with fully sampled SSP models. In practice, in the era
of 40-meter telescopes, Fig. 11 demonstrates that precise stellar
population analyses in the local Universe will inevitably require
the implementation of semi-resolved models.

6. Stochastic predictions: Blessing or curse

In the sections above we have shown how FASTAR semi-
resolved predictions are stochastic by nature. This is a fun-
damental difference with respect to standard evolutionary stel-
lar population model predictions where the integral synthesis
described by Eq. (1) uniquely define the model output. This
synthesis uniqueness is what justifies the use of SSP models
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Fig. 11. Predictions for 40-meter-class telescopes. Semi-resolved (g—r)
color predictions as a function of y, for an old (10 Gyr) and solar metal-
licity population at a distance of 100 Mpc observed projected into a 5
milli-arcsec per pixel scale, emulating a typical stellar population as
observed through a 40-meter-class telescope. The effect of the stochas-
tic sampling of the IMF becomes evident at surface brightnesses as
high as i, ~ 19 mag arcsec™2. Symbols are color-coded according to the
number of stars in the semi-resolved FASTAR stellar population model.

and derived quantities such as line-strengths indices and colors
to translate the spectro-photometric properties of galaxies into
physically meaningful quantities.

The scatter in the semi-resolved predictions is not meaning-
less as it probes the biased sampling of specific stellar evolution-
ary phases and therefore encodes valuable information about the
underlying stellar population content. In fact, fully sampled SSP
models can be also understood as the mean value expected from
a finite distribution of stars (e.g., Cervifio & Luridiana 2006)
whose scatter tends to zero as the number of stars increases.
Therefore, beyond the mean, higher orders of these distribu-
tions can be computed as additional constraints on the stel-
lar population content of galaxies (e.g., Vazdekis et al. 2020),
this being the central idea behind the scientific exploitation of
surface brightness fluctuations (e.g., Tonry & Schneider 1988;
Blakeslee et al. 2009; Rodriguez-Beltran et al. 2021). Further-
more, Figs. 9, 10, and 11 demonstrate how a set of indepen-
dent measurements can be used as direct tests on the isochrones
physics. This is a unique advantage of semi-resolved stellar pop-
ulations, as they enable calibrating our knowledge on stellar evo-
lution beyond the limited environment of the Milky Way.

Dealing with semi-resolved observations requires at the
same time dedicated analysis strategies. Figures 4 and 6 show-
case how standard observables such as colors and line-strength
indices can present strong deviations compared to fully sampled
SSP predictions (e.g., Cervifio et al. 2008). This at first sight may
appear counterintuitive since averaging a large number of mea-
surements does not lead to the average SSP value, but is simply
due to the fact that equivalent widths, magnitudes, colors, mass-
to-light ratios etc. are all nonlinear operations over the emitted
spectra.

It is important to emphasize that FASTAR predictions are
designed to model actual observations. The proposed random
sampling of the IMF emulates, for example, the situation in
which independent regions of the same globular cluster are
observed in a semi-resolved manner. Even if all stars in the
globular cluster share the same age and chemical composition
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and follow the same underlying IMF, observations of different
regions will correspond to independent realizations of the IMF
with a finite number of stars. However, because these realizations
are drawn from a common IMF, combining multiple independent
regions into a single measurement naturally converges toward
the fully sampled IMF limit, i.e., the integral predictions of stan-
dard SSP models. Semi-resolved FASTAR predictions therefore
constitute a natural extension of traditional evolutionary stellar
population models and can be used in a similar way to fit the
spectro-photometric properties of external galaxies.

Does this have real-world implications? Currently, the most
evident scientific case where semi-resolved populations are at
play is in the analysis of low-surface brightness features. In this
regime, any stellar population signal is typically below the obser-
vational noise in the data and therefore averages (e.g. over ellip-
tical apertures) become mandatory. However, the way in which
averages are computed can have important consequences. For
example, calculating an average (g — r) color as the mean of the
all the individual (g — r) colors of every pixel will lead to the
biases show in Figs. 4 and 6, with the subsequent advantages
and disadvantages. On the contrary, an average color measured
by first averaging counts in the g and r bands and then calculat-
ing their magnitude difference will result, if the number of pixels
is sufficiently large, into an fully sampled, SSP-equivalent mea-
surement (assuming a linear behavior of the detector and data
reduction).

The analysis of low-surface-brightness populations presents
additional challenges. Specifically, in relatively shallow observa-
tions, different evolutionary phases are expected to exhibit differ-
ent signal-to-noise ratios. In particular, low-mass stars will typ-
ically contribute to the integrated properties with noisier spectra
than more luminous giants. This systematic dependence of the
signal-to-noise ratio on stellar luminosity may introduce addi-
tional biases beyond those discussed in the sections above, where
noise was not considered. This a potential issue affecting of
both semi-resolved and standard SSP models. The formalism
behind the synthesis of FASTAR predictions allows for a con-
sistent treatment of this effect. In particular, individual stellar
spectra can be combined while explicitly accounting for differ-
ent noise levels. Although this feature is not implemented by
default, the open-source nature of FASTAR makes it straightfor-
ward to incorporate.

While the joint analysis of a large number of independent
measurements offers a viable way forward to extract informa-
tion from semi-resolved observations, being able to analyze
individual spectro-photometric measurements remains, for obvi-
ous reasons, a desirable goal. The stochastic nature of semi-
resolved observations posses, however, an evident challenge.
Standard inversion algorithms cannot deal with the inherent
variability of semi-resolved models, as the same input param-
eters (age, metallicity, IMF and number of stars in the case
of FASTAR) can result in drastically different model outputs.
In this context, simulation based inference approaches offer a
clear and formal way forward to deal with such intractable
likelihoods (e.g., Hahn & Melchior 2022; Angeloudi et al. 2023,
2024, 2025; Iglesias-Navarro et al. 2024, 2025) and the efficient
synthesis of semi-resolved FASTAR models is particularly well-
suited for these forward modeling tasks, as we will exemplify
in upcoming papers. Complementary, FASTAR also offers the
framework to combine independent measurements of the same
stellar population in order to derive tighter observational con-
straints.

This interpretation of semi-resolved observations must also
consider the possibility of composite stellar populations. It can
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be argued that as the physical scale probed within a galaxy
decreases, and consequently Ngu,s decreases, the stellar popu-
lation properties become progressively simpler. For example,
the integrated spectrum of a spiral galaxy containing both a
bulge and a disc is generally more complex than the spectra
of each component separately. Observations at smaller spatial
scales therefore tend to minimize the effect of radial stellar
population gradients, justifying the SSP assumption. Neverthe-
less, as in standard SSP models, the spectrum of a composite
population remains a linear combination of the spectra of the
individual subpopulations. Semi-resolved models therefore pre-
serve the linearity that underlies most population inference tech-
niques, allowing composite populations to be incorporated nat-
urally within inversion frameworks in much the same way as
in fitting methods based on fully sampled SSP models (e.g.,
Cappellari & Emsellem 2004; Ocvirk et al. 2006; Carnall et al.
2018; Johnson et al. 2021). In practice, this means that semi-
resolved modeling does not introduce a fundamentally different
treatment of composite populations, but rather extends the stan-
dard SSP framework to regimes where IMF sampling becomes
relevant.

Finally, a note on the term semi-resolved. Throughout this
paper, we use this term to describe situations in which the
number of stars per resolution element is not large enough
to properly sample all stellar evolutionary phases along an
isochrone, and therefore constitutes a regime in which the stan-
dard integral synthesis of evolutionary stellar population models
(Eq. 1) does not strictly apply. Because different stellar evolu-
tionary phases present prominent color differences, the bound-
ary between both regimes depends on the exact wavelength
range (e.g., Cerviilo & Luridiana 2004). As clearly explained in
Section 1 of Conroy & van Dokkum (2016), the concept of a
semi-resolved population is intended to capture the intermediate
regime between observations in which all individual stars can be
resolved and the opposite extreme, in which the observed spec-
tra are effectively composed of an infinite number of stars. In
many semi-resolved situations, however, one should not expect
individual stars to be partially resolved, as observations will only
capture their integrated flux. In short, semi-resolved evolutionary
stellar population models aim to reproduce the combined flux of
a relatively small number of stars with the same age and chemi-
cal composition, all observed within a single resolution element.

7. Summary

FASTAR enables the modeling of semi-resolved stellar popula-
tions based on the same evolutionary principles as standard SSP
models. Thanks to its computational efficiency, semi-resolved
models can be computed on the fly over a wide range of ages
and metallicities. The combination of empirical and theoreti-
cal stellar libraries allows for detailed spectroscopic predictions
from 3540 to 7400 A and from 2000 to 12000 A for photometric
applications. The calibration of the FASTAR models ensures that
arbitrary line-strength indices, colors, magnitudes, and mass-to-
light ratios can be computed.

Beyond the description of the model synthesis, the main fea-
tures of FASTAR semi-resolved predictions are as follows:

— Semi-resolved predictions share the same assumptions of
standard evolutionary stellar population models but natu-
rally extend their applicability range from fully-integrated to
fully-resolved observations.

— Stochastic variations in the model predictions are noticeable
even if the number of stars is as high as Ny ~ 10°. When
the number of stars drops below Ny ~ 10*3, stochastic-
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ity becomes a dominant factor determining the properties of

FASTAR semi-resolved spectra.

— Line-strength indices traditionally used to infer stellar pop-
ulation properties from integrated spectra lose much of
their constraining power in the semi-resolved regime. For
broader photometric measurements such as colors, the effect
of stochasticity is even more pronounced. The scatter and
potential biases in the line-strengths and colors of semi-
resolved populations heavily depend on the adopted IMF.

— While the number of stars is a critical parameter in model-
ing semi-resolved populations, it is challenging to constrain
from observations as the mass-to-light ratio in the semi-
resolved regime can present large variations and systematic
biases even if the underlying stellar population parameters
(namely age, metallicity and IMF) remain constant. Mass-
to-light ratio approximations based on color scaling relations
present similar difficulties.

— The behavior of semi-resolved FASTAR spectra as a function
of Ngars 1s driven by the incomplete sampling of different
stellar evolutionary phases. Only when all these phases are
properly sampled, FASTAR predictions converge towards
the integral formulation. Conversely, semi-resolved observa-
tions can be used as direct tests of stellar evolution theory.

— FASTAR models predict that stochastic effects should be
already noticeable in low-surface brightness studies. Look-
ing ahead, semi-resolved observations are expected to be the
norm for the next generation of 40-meter telescopes.

Semi-resolved stellar populations pose important technical chal-
lenges. The inherent stochasticity due to the incomplete IMF
sampling implies that there are no unique predictions, rendering
standard stellar population inversion algorithms unusable. Fur-
thermore, at a deeper level, stellar atmospheres do not contain
information about the age or (evidently) IMF of a population.
Therefore, from the point of view of the integrated light, these
quantities are only measurable when analyzing a sufficiently
large collection of coeval stars. Thus, contrary to standard fully
sampled evolutionary models, in the semi-resolved regime our
ability to determine ages and IMFs is inevitably conditioned by
the total number of stars in our resolution element.

While the distribution of observed values (brightnesses, col-
ors, line indices etc.) holds value information about the prop-
erties of semi-resolved populations, analysis approaches able to
fit individual observations are highly desirable in order to maxi-
mize the information extracted from current and upcoming facil-
ities. In this context, FASTAR used in combination with new
techniques such as simulation-based inference frameworks (e.g.,
Hahn & Melchior 2022; Iglesias-Navarro et al. 2024, 2025)
offers a promising way forward.

Data availability

Documentation and examples on how to use FASTAR
can be found at the project’s website https://fastar.
readthedocs.io
The code is freely available here https://github.com/
inavarro/fastar
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Appendix A: Young semi-resolved populations
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Fig. A.1. Same as Fig. 2 but the line-strength predictions have been calculated assuming a 0.25 Gyr old population.

Figures A.1 and A.2 replicate Figs. 2 and 5 from the main text
but in this case for a young (0.25 Gyr) population, with solar
metallicity and Milky Way-like IMF. Shaded contours indicate
again the 1/99 and 10/90 percentiles of the distribution with a
median value indicated by the solid line. Horizontal dashed lines
in both cases mark the expected value for fully sampled SSP
models with different ages, metallicities and/or IMF slopes.

The general behavior is similar as for old populations, with an
evident increase in the scatter of the FASTAR predictions when
the number of stars falls below log Ny.s < 5. However, the sys-
tematic biases in the colors and line-strengths are not the same
as, for example, Hg, tends to increase with decreasing number of
stars. Moreover, the apparent lack of a systematic bias in these
indices for a Milky Way-like IMF seeing for old populations
does not hold true for younger ages.

In order to further exemplify the behavior of semi-resolved FAS-
TAR predictions for younger ages, Fig. A.3 shows the age depen-
dence of the Hg, line for the three different log Ny ranges
(log Ngtars = 2.5, 3.5 and 5.5, the same as in Fig. 4).These model
predictions assume a Milky Way-like IMF. For clarity, we only
include the distribution of the 1/99 percentiles, indicated with
colored shaded areas, with the median value corresponding to
the solid lines.

1.21

1.01
14 Gyr & [M/H]=+0.3

0.8 1

0.6 1

(g-r)

0.41

0.2

Iog Nstars

Fig. A.2. Same as Fig. A.2 but the (g — r) color in this case corresponds
to a younger (0.25 Gyr) stellar population.

In general, the behavior is similar for the three log Ny, val-
ues, although there are clear systematics. For younger ages,
low log Ni.rs values tend to correspond to stronger Hg, values,
while for older ages the trend is reversed. The bottom panel
of Fig. A.3 highlight these systematic differences showing the
residuals with respect to the fully sampled FASTAR predictions.
It is worth emphasizing that these systematic differences result
from the biased sampling of specific stellar evolutionary phases,
i.e., different stellar masses, and thus they are modulated by the
assumed IMF.

101 log Netars = 2.5
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Fig. A.3. Age dependence of Hg,. The top panel shows the distribu-
tion FASTAR Hp,, predictions as a function of age, for three different
log Ny values: 2.5 in blue, 3.5 in red and 5.5 in green. The shaded
areas correspond to the 1/99 percentiles and the solid colored lines to
the median trend. For reference, the predicted trend for a fully sampled
population is shown with a dashed black line. The bottom panel shows
the residuals between this dashed black lines and each of the median
trends.
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