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ABSTRACT

The stellar initial mass function (IMF) and the fraction of binary systems are fundamental ingredients that govern the formation
and evolution of galaxies. Whether the IMF is universal or varies with environment remains one of the central open questions in
astrophysics. Dwarf galaxies such as the Small Magellanic Cloud (SMC), with their low metallicity and diffuse star-forming regions,
offer critical laboratories to address this issue. In this work, we exploit ultra-deep photometry from the James Webb Space Telescope
to investigate the stellar populations in the field of the SMC. Using the mgzoowa versus mpjsw — mpszw2 color-magnitude diagram
(CMD), we derive the luminosity function and measure the fraction of unresolved binary systems. We find a binary fraction of f;’;o'ﬁ =
0.14 + 0.01, consistent with results from synthetic CMDs incorporating the metallicity distribution of the SMC. Additionally, the
measured binary fraction in the SMC field is consistent with those observed in Galactic open clusters and Milky Way field stars of
similar ages and masses, suggesting similar binary formation and evolutionary processes across these low-density environments. By
combining the luminosity function with the best-fit isochrone, we derive the mass function (MF) down to 0.22 M, the lowest mass
limit reached for the SMC to date. The resulting MF follows a power-law with a slope of @ = —1.99 £ 0.08. This value is shallower than
the canonical Salpeter slope of @ = —2.35, providing new evidence for IMF variations in low-metallicity and low-density environments.
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1. Introduction

The Small Magellanic Cloud (SMC) provides a unique and
valuable laboratory for studying stellar populations in a low-
metallicity, extragalactic environment. Its proximity, low fore-
ground extinction, and relatively low crowding compared to
more massive galaxies enable us to resolve individual stars
across a broad range of stellar masses, from low-mass main
sequence (MS) stars to evolved giants. As a result, the SMC
has become a cornerstone for testing stellar evolution models
and investigating the processes that shape galaxies beyond the
Milky Way (e.g., Dobbie et al. 2014a,b; Rubele et al. 2018;
Mackey et al. 2018; Pastorelli et al. 2019). Among the funda-
mental ingredients that regulate star formation and evolution are
the initial mass function (IMF) and the fraction of binaries, both
of which influence the dynamical evolution of stellar systems,
the rates of supernovae and chemical enrichment, and the pro-
duction of exotic objects such as blue stragglers, X-ray binaries,
and gravitational wave sources.

Despite their importance, both the IMF and the binary frac-
tion remain poorly constrained in external galaxies, particularly
in the field populations of low-mass systems like the SMC.
While studies of young clusters in the Magellanic Clouds have

* Corresponding author: mariavittoria.legnardi@unipd.it

provided valuable insights into the high-mass IMF and short-
period massive binaries (e.g., Dunstall et al. 2015; Sabbi et al.
2016; Almeida et al. 2017; Schneider et al. 2018; Kalari et al.
2018), much less is known about the binary properties of field
stars, especially at intermediate and low masses. In this regime,
unresolved binaries can significantly bias luminosity and mass
function (MF) estimates by mimicking brighter, higher-mass
single stars in the color-magnitude diagram (CMD). Properly
accounting for binary contamination is therefore crucial for
deriving accurate stellar MFs.

The interplay between the IMF and binaries is especially
relevant in the context of the ongoing debate about the univer-
sality of the IMF, that is, whether its shape remains constant
across different environments and over cosmic time. While the
classical Salpeter (1955) IMF describes a power-law distribution
with slope @ = —2.35 over 0.4 < M/My < 10, numerous stud-
ies have suggested deviations from this form. Simulations and
observations from the Atacama Large Millimeter Array (ALMA)
point to top-heavy IMFs in early stars and dense star-forming
regions (e.g., Abel et al. 2002; Bromm et al. 2002; Pouteau
et al. 2022), whereas integrated-light studies of giant ellipticals
suggest bottom-heavy IMFs dominated by low-mass stars (van
Dokkum & Conroy 2010; Conroy & van Dokkum 2012). Stellar
kinematic analyses have reached similar conclusions (Cappellari
et al. 2012).
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Although integrated-light studies offer IMF constraints in
diverse environments, they are inherently model-dependent.
Conversely, resolved stellar populations enable more robust IMF
measurements, free from many of these uncertainties (e.g.,
Luhman et al. 2009; Milone et al. 2012a; Sollima & Baumgardt
2017; Dondoglio et al. 2022; Cordoni et al. 2023; Baumgardt
et al. 2023; Marino et al. 2024a). However, these studies are
mostly confined to the Milky Way and its clusters, limiting the
parameter space in which IMF variations can be tested.

Dwarf galaxies like the SMC and ultra-faint dwarfs (UFDs)
offer ideal laboratories for probing IMF universality across a
broader range of conditions. They differ significantly from the
Milky Way in terms of morphology, metallicity, star formation
history, and stellar density. Additionally, their extremely long
two-body relaxation times (e.g., ~2 x 10* Gyr in the SMC;
Gennaro et al. 2018a) imply that dynamical effects are negligi-
ble, and, thus, that the primordial MF is preserved. Observations
with the Hubble Space Telescope (HST) and the James Webb
Space Telescope (JWST) have enabled direct star counts in these
systems, revealing evidence of a shallower MF slope compared
to the canonical value. For example, Wyse et al. (2002) found
a = —1.8 in Ursa Minor, while Geha et al. (2013) and Gennaro
et al. (2018a,b) report similarly shallow slopes in several UFDs.

In this context, Kalirai et al. (2013) used deep HST obser-
vations with the Wide Field Camera of the Advanced Camera
for Surveys (WFC/ACS) to investigate the IMF in the outskirts
of the SMC. They reported a best-fit IMF slope of —1.90t8'}8,
which is shallower than the canonical Salpeter value. Moreover,
their analysis demonstrated that the data are well represented by
a single-component IMF.

WEFC/ACS observations allowed Kalirai et al. (2013) to probe
stellar masses down to ~0.4 M. In our work, we leveraged the
exceptional capabilities of JWST to measure the fraction of blue
straggler stars (BSSs) and the binary fraction along the MS, and
to investigate the stellar mass distribution in the SMC field down
to ~0.2 M. This study provides the first estimate of the pho-
tometric binary fraction in the SMC and represents the deepest
exploration of the IMF in an extragalactic environment to date.
By accounting for binary populations in our analysis, we aim to
derive an accurate IMF and assess possible environmental devia-
tions from the IMF observed in the Milky Way and nearby dwarf
galaxies.

The paper is organized as follows. In Section 2, we describe
the photometric dataset and the data reduction procedures. Sec-
tion 3 presents the derivation of the binary fraction in the SMC
field. In Section 4, we determine the MF and its slope. Finally,
Section 5 summarizes our key findings and conclusions.

2. Observations and data reduction

To measure the binary fraction and investigate the low-mass end
of the stellar MF in the field of the SMC, we used the photo-
metric catalogs provided by Marino et al. (2024a), which are
obtained from images in the F115W and F322W?2 filters of the
Near-InfraRed Camera (NIRCam) on board the JWST. These
data were collected during the first JWST observing cycle as
part of the GO-2560 program (PI: A.F. Marino). This program is
designed to investigate multiple stellar populations among low-
mass stars in the globular cluster (GC) NGC 104 (47 Tucanae),
leveraging the synergy between the Near-InfraRed Spectrograph
(NIRSpec) and NIRCam facilities (see Marino et al. 2024a,b,
for details on the dataset and on the program). Although the
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primary target of these observations is 47 Tucanae, the specific
field observed, located at @ ~ 00"21™16% and § ~ —72906™16°,
also encompasses a line of sight intersecting the outskirts of the
SMC. In particular, the analyzed SMC populations are ~2.5°
(2.7 kpc) west of the galaxy’s center.

The footprints of the data used in this study are shown in
green in the inset of Fig. 1. For comparison, we also show in
red the footprints of the observations employed by Kalirai et al.
(2013) to measure the IMF in the SMC field in the mass range
0.37-0.93 M. Although their field lies in close proximity to
ours, it is centered at @ ~ 00"22™M39% and & ~ —72904™04° and
covers a distinct region. This spatial separation enables us to
provide an independent determination of the IMF in the SMC
field.

The methods used to reduce the observations are described
in detail in Marino et al. (2024a, see also Milone et al. 2023b).
Briefly, the measurement of stellar fluxes and positions involved
a two-step process. In the first step, photometry was performed
using the program img2xym, originally developed by Anderson
& King (2006) to reduce HST images. This program utilizes
a spatially variable point spread function to determine stellar
positions and magnitudes from each individual exposure. Mag-
nitudes were standardized to a common photometric zero-point,
using the deepest exposure as the reference frame, while geomet-
ric distortions were corrected with solutions provided by Milone
et al. (2023b).

The second step involved refining photometry and astrometry
using the KS2 program, an updated version of kitchen_sync
by Anderson et al. (2008). KS2 incorporates specialized methods
tailored to optimize photometry for stars of varying luminosi-
ties (see Sabbi et al. 2016; Bellini et al. 2017; Nardiello et al.
2018, for details). It also provides diagnostic parameters to assess
photometric and astrometric quality. These parameters were
used, following the approach of Milone et al. (2023a, see their
Sect. 2.4), to select a reliable sample of well-measured stars.

The photometry was calibrated to the Vega system using
the procedure described by Milone et al. (2023a) and zero-
points available on the Space Telescope Science Institute’s web
page'. Furthermore, reddening variations across the field of view
were confirmed to be insignificant (Legnardi et al. 2023), so no
corrections for differential reddening were necessary.

To assess the uncertainties and the completeness level of
our photometry, we performed artificial star (AS) tests follow-
ing the methodology outlined by Anderson et al. (2008). We
generated a catalog of 10° ASs with fixed positions and fluxes,
distributing them across the field of view to match the spatial
distribution of the real stars. Their magnitudes were assigned
based on the fiducial line of the SMC MS in the mpg32ow2 versus
mg11sw — Mpzow2 CMD. The ASs were reduced using the KS2
program, following the same procedures applied to real stars. We
used diagnostic parameters provided by KS2 to assess the quality
of the recovered sources.

To quantify the completeness, we binned the ASs into mag-
nitude intervals of 0.3 mag. In each bin, the completeness
fraction was calculated as the ratio of recovered to injected stars.
We determined that the 50% completeness limit is reached at
ME322W2 = 26.22 mag.

' https://jwst-docs.stsci.edu/jwst-near-infrared-
camera/nircam-performance/nircam-absolute-flux-
calibration-and-zeropoints
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Fig. 1. Image of the SMC obtained from the Digitized Sky Survey 2. The inset provides a close-up view of the region near 47 Tucanae where
the observations for this study were carried out. The NIRCam field of view analyzed in this work is outlined in green, and the footprints of the
observations used by Kalirai et al. (2013) are shown in red. The white cross marks the position of the SMC center (Piatti 2021). North is up, and

east is to the left.

3. The color-magnitude diagram of the Small
Magellanic Cloud

A visual inspection of the mp3wy VErsus mgiisw — ME30w2
CMD, shown in the left panel of Fig. 2, reveals the presence
of two distinct stellar populations. The redder sequence (gray
points) corresponds to the faint end of the 47 Tucanae MS, while
the bluer sequence (black points) traces field stars belonging to
the SMC. In addition, the gray points located in the bottom-
left corner of the CMD likely represent the white dwarf cooling
sequence of 47 Tucanae.

The right panel of Fig. 2 isolates the SMC field popula-
tion, highlighting a significant broadening of the MS in the
mg11sw — Mesnwe color that exceeds expectations from photo-
metric uncertainties alone, as indicated by the error bars on
the left corner. This spread is primarily driven by variations
in stellar metallicity. Numerous photometric and spectroscopic
studies have confirmed the presence of a radial metallicity gra-
dient within the SMC (e.g., Carrera et al. 2008; Sabbi et al.
2009; Dobbie et al. 2014b; Choudhury et al. 2020). For exam-
ple, Carrera et al. (2008) reported that more metal-poor stars
tend to dominate at larger galactocentric distances. Similarly,
Mucciarelli et al. (2023) reported [Fe/H] values from ~ — 2.2 to

~—0.5 across three fields at increasing distances from the galaxy
center’, with the fraction of metal-poor stars rising outward.

In addition to metallicity effects, unresolved binary systems
also contribute to the observed broadening of the MS. This is
illustrated in the inset of Fig. 2, which zooms in on the upper
MS and displays three BaSTT isochrones (Pietrinferni et al. 2021)
computed for an age of 7 Gyr, distance modulus (m — M)y =
18.9, and reddening E(B — V) = 0.05 but spanning the full
metallicity range observed in the SMC field. The blue and red
curves represent the extremes of the metallicity distribution
reported by Mucciarelli et al. (2023) ([Fe/H] = —2.2 and —-0.5),
while the green curve corresponds to the best-fit metallicity of
[Fe/H] = —1.1 (Kalirai et al. 2013). While these metallicity
variations introduce some MS broadening, they fall short of
reproducing the full extent of the observed spread. In particular,

2 Mucciarelli et al. (2023) analyzed spectra of over 300 stars in three
SMC fields centered on the clusters NGC 121 (FLD-121), NGC 339
(FLD-339), and NGC419 (FLD-419). FLD-121 (@ ~ 00"26™49.0°,
& ~ =71432m09.9%), FLD-339 (a ~ 00"57™48.9%, § ~ —74928™00.1%),
and FLD-419 (@ ~ 01"08™17.7%, § ~ —72953™02.7%) are located
~2.5° northwest, ~1.4° southeast, and ~1.5° east of the SMC center,
respectively.
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Fig. 2. Illustration of the photometric data used in this work. Left panel: the mgznw2 VS. mp11sw — Mesawa CMD, showing all detected stars. Likely
SMC members and 47 Tucanae stars are marked with black and gray points, respectively. Right panel: the same CMD, restricted to stars in the field
of the SMC. The black dashed line corresponds to the 50 % completeness limit for SMC stars in this dataset. The inset zooms in on the upper MS
(20.4 < mpznws < 23.8), where three isochrones with an age of 7 Gyr, distance modulus (m — M), = 18.9, and reddening E(B — V) = 0.05 are
overplotted. The blue and red lines correspond to metallicities of [Fe/H] = —2.2 and —0.5, while the green line indicates the best-fitting isochrone

with [Fe/H] = -1.1.

the population of stars lying redward of the fiducial MS is too
red to be explained by metallicity alone. This discrepancy points
strongly to a significant population of unresolved binaries, whose
composite colors shift their positions in the CMD toward redder
values, thereby accounting for the excess broadening on the red
side of the MS.

In the following, we determine for the first time the binary
fraction of the SMC field population. In Sect. 3.1, we derive the
binary fraction under the assumption of a simple stellar popula-
tion, while in Sect. 3.2, we account for the effects of metallicity
variations on the binary fraction measurement. Furthermore, in
Sect. 3.3, we explore the connection between the identified BSSs
and the binary star population.

3.1. Binaries in the field of the Small Magellanic Cloud

The great distance to the SMC, namely ~60.3 kpc (see also
Graczyk et al. 2020), prevents the direct resolution of individual
components in binary systems, even with space-based telescopes
such as the HST or the JWST. As a result, unresolved binaries
appear as single sources in photometric observations. The total
magnitude of an unresolved binary system is given by

F
Mpin = My — 2.5 log(l + F—Z) (1)
1

where m,; is the magnitude of the primary star, and F; and
F, are the fluxes of the primary and secondary components,
respectively.

In CMDs, unresolved binaries composed of two MS stars
appear as point sources that are systematically redder and
brighter than single MS stars. Their precise location in the CMD
of a simple stellar population depends on the mass of the primary
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star and the mass ratio of the system, defined as ¢ = M, /M. Sys-
tems with g = 1, where the two stars have nearly equal masses,
follow a sequence parallel to the MS but ~0.75 magnitudes
brighter. Conversely, binaries with low mass ratios (g ~ 0) are
nearly indistinguishable from single stars, as their combined flux
remains close to the MS fiducial line. These effects are particu-
larly relevant in the mgspow, versus mg;sw — mezw2, CMD used
in this study, where binaries predominantly populate the red and
bright side of the MS fiducial sequence.

Over the past few decades, extensive investigations of binary
systems in numerous Galactic and extragalactic star clusters have
been carried out (e.g., Bolte 1992; Cool & Bolton 2002; Sollima
et al. 2007, 2010; Cordoni et al. 2023; Mohandasan et al. 2024;
Muratore et al. 2024; Bortolan et al. 2025). In the following,
we estimate for the first time the fraction of photometric binary
systems in the field of the SMC. To achieve this, we first approx-
imated the SMC CMD as that of a simple stellar population and
adapted the methodology introduced by Milone et al. (2012a) to
our dataset. Our analysis focuses on binaries with mass ratios
q > 0.6, as systems with lower mass ratios are located too close
to the MS fiducial line to be reliably distinguished.

As illustrated in Fig. 3, we first identified two dis-
tinct regions in the mpsowy versus mpiisw — Mmpzow2 CMD.
Region A (enclosed by the green solid line) includes both sin-
gle MS stars with 22.5 < mp3ows < 23.6 and binary systems
where the primary star falls within the same magnitude range.
The boundaries of region A are defined as follows: (i) the left
boundary was obtained by shifting the MS fiducial line leftward
by the average color error; (ii) the right boundary was obtained
by shifting the equal-mass binary fiducial sequence rightward by
twice the color uncertainty; and (iii) the upper and lower bound-
aries correspond to binary systems where the primary star has
magnitudes mpznwr = 22.5 and 23.6, respectively, covering the
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Fig. 3. Binary fraction estimation in the SMC field. Left panel. mgznwa Vs. meiisw — meszawa CMD of SMC stars. Region A (green solid line)
includes MS stars and binaries with primary masses between 0.61 and 0.81 M. Region B (green-shaded area) contains binaries with g > 0.6. MS
and binary stars are indicated with black points and red crosses, respectively, while the remaining stars are colored in gray. Central panel. Same as
the left panel but for artificial and field stars. Azure star symbols represent stars simulated with the TRILEGAL code (Girardi et al. 2005) within a
Galactic field with the same area and coordinates as the one investigated in this work. Right panel. Best-fit simulated CMD. Colors and symbols

follow the same scheme as in the left and central panels.

full range of possible mass ratios from ¢ = 0 to ¢ = 1. Region
B is a subset of region A that is primarily populated by binaries
with g > 0.6. Its left boundary is marked by the fiducial sequence
of binary systems with ¢ = 0.6 (orange continuous line), which
serves as the threshold for our binary selection criteria.

The observed mgzoows Versus mgiisw — Mezow2 CMD is
presented in the left panel of Fig. 3. Candidate binary sys-
tems, identified as sources within region B, are marked with red
crosses, while stars in region A are indicated with black points.
The fraction of binaries with ¢ > 0.6 is computed as

B _ n/B B
q>0.6 _ Nobs Nﬁeld _ Nsim (2)
bin T aA _ nA A

Nobs Nﬁeld Nsim

where N?bs and ijjs represent the number of observed stars, cor-

. . . A
rected for completeness, in region A and B, respectively. N7

and N, gm refer to the corresponding star counts in the AS CMD,
shown in the central panel of Fig.3, while Ng‘el gand N gel 4 indicate
the number of field stars within the selected regions. To eval-
uate the contribution of field stars, we compared the observed
ME320w2 VEISuS mei1sw — Mrzow2 CMD with a simulated CMD
generated using the TRILEGAL code (Girardi et al. 2005). The
simulation was performed for a Galactic field with the same area
and Galactic coordinates as those of the field analyzed in this
work. Simulated field stars are shown with azure starred sym-
bols in the central panel of Fig. 3. The comparison indicates that
Milky Way field star contamination of the SMC CMD sequence
is negligible.

The resulting binary fraction in the field of the SMC is

qu;% = 0.14 +£0.01. The uncertainties in each term of Eq. (2) are
determined using Poisson statistics, while the total uncertainty in

the binary fraction is derived through standard error propagation.

3.2. Binaries and metallicity distribution

To assess whether the presence of stellar populations with dis-
tinct metallicities affects the measurement of the binary fraction
in the SMC field, we compared the observed binary fraction from
Sect. 3.1 with the corresponding fraction obtained from simu-
lated CMDs that account for the metallicity distribution of SMC
stars. The synthetic CMDs were generated through an iterative
procedure consisting of the following steps.

First, we created a population of single stars by drawing
[Fe/H] values from the SMC metallicity distribution derived by
Mucciarelli et al. (2023), accounting also for the correspond-
ing [a/Fe] relation reported by the same authors. Each star was
then assigned a position in the CMD by linearly interpolating
isochrones from the BaSTI stellar evolution models (Pietrinferni
et al. 2021) across a grid of metallicities and [a/Fe] abun-
dances. Next, we simulated binary systems following the method
introduced by Milone et al. (2020), which has been extensively
applied in previous studies (e.g., Muratore et al. 2024; Bortolan
et al. 2025; Milone et al. 2025). In short, we generated binaries
assuming a flat mass-ratio distribution and selected only those
falling within the green-shaded region defined for observed stars.
We then constructed a grid of simulated CMDs with binary frac-

tions, qu;%, ranging from 0.00 to 1.00 in steps of 0.01, with the
corresponding fraction of single stars set to 1 — fg;o'ﬁ.

The binary fraction of each simulated CMD was measured
using the same procedure described in Sect. 3.1 for real stars.
We then compared the simulated values to observations via a y?

minimization approach. In particular, y? has been defined as
2
2 (nobs - nsim)
w3 Wobs = Maim)” 3)
Z Nsim

where n,, and ng;, are the numbers of observed and simulated
stars, respectively, that fall within region A and B.
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Fig. 4. Comparison of binary fractions in the SMC field and Galactic
populations. Panel a: binary fraction with ¢ > 0.6 as a function of the
logarithm of cluster age. Galactic OCs are color-coded by their metallic-
ity, as indicated by the colorbar on the right, while the orange diamond
marks the binary fraction in the field of the SMC. The binary fractions
and ages for OCs are from Cordoni et al. (2023) and Dias et al. (2021),
respectively. Panel b: total binary fraction as a function of the mass of
the primary star. Gray dots are taken from the review by Offner et al.
(2023), and the orange diamond indicates the binary fraction measured
for the SMC field in this work.

The mg3ow2 versus mgp sw —mezow2 CMD that provides the
best match with the observations is illustrated in the right panel
of Fig. 3.

The best-fitting model, corresponding to the minimum jy?
value, yields a binary fraction of quii% = 0.14 + 0.03. To esti-
mate the associated uncertainty, we generated 1000 synthetic
CMDs assuming the best-fit binary fraction. For each simulation,
we measured quiio'ﬁ using the same approach as for real stars.
The final uncertainty was computed as the root mean scatter of

the 1000 individual values of fg’;o'ﬁ.

To assess the impact of the adopted metallicity distribution
(Mucciarelli et al. 2023), we repeated the entire procedure using
a simplified metallicity distribution, where [Fe/H] values were
uniformly drawn between —1.4 and —1.0 dex, as in Kalirai et al.
(2013). Synthetic CMDs generated with this alternative distribu-
tion yielded a binary fraction of fg;% = 0.15 + 0.04, which is
statistically consistent with the one derived using the empirical
metallicity distribution. This indicates that the assumed metal-
licity distribution has a negligible effect on the derived binary
fraction.

To compare our findings on SMC field stars with those for
Galactic open clusters (OCs) and Milky Way field population,

we show in Fig. 4 the fraction of binaries with g > 0.6, qu;o,s
as a function of the logarithm of the cluster age (panel a) and
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TOT

the total binary fraction®, fTOT,

mass (panel b).

Values of qu;o'ﬁ in Galactic OCs exhibit a mild correla-
tion with the logarithm of the cluster age and no trend with
the cluster metallicity, while the total binary fraction increases
monotonically with primary mass. We found that the binary
fraction in the SMC field is comparable to that observed in
most Galactic OCs. Furthermore, our results align with the trend
between total binary fraction and primary star mass reported
for Galactic field stars suggesting that binary star formation
and evolution in the low-metallicity environment of the SMC
proceed similarly to those in low-density environments of the
Milky Way.

as a function of the primary star

3.3. Binaries and blue straggler stars

Blue straggler stars are observed as an extension of the MS in a
region brighter and bluer than the turnoff in the mgsw, ver-
sus mpi1sw — Mp3ow2 CMD. To identify them, we applied a
selection method similar to Cordoni et al. (2023). Specifically,
we defined two regions in the CMD, hereafter region C and
region D. Region C corresponds to the area bounded by the zero-
age MS isochrone (gray dashed line), the MS fiducial shifted
blueward by five times the color uncertainty (blue solid line),
and a vertical line at the color of the MS turnoff (azure dashed
line). All stars located within this region were classified as candi-
date BSSs, resulting in the identification of 10 BSSs in the SMC
field, marked as blue triangles in Fig. 5.

For region D, we adapted the definition by Cordoni et al.
(2023) to the mg3zoown versus mgiisw — Mezow2 CMD. Speciﬁ—
cally, we identified region D as the interval included between
the MS turnoff and one Ggrp magnitude below the MS
turnoff, which, based on the best-fit isochrone, corresponds to
0.8 F322W2 magnitude. Its left boundary is set by the MS fidu-
cial line shifted leftward by five times the color uncertainty,
while the right boundary follows the fiducial of equal-mass
binaries (red solid line).

The fraction of BSSs in the field of the SMC was estimated
using the ratio

c C
fass = N obs N, field (4)
N, gss -N ﬁDeld

where NOCbs and Nﬁ)g represent the number of observed stars in

regions C and D of the CMD, respectively, while N{_ and N,
are the corresponding quantities measured for field stars. The
resulting BSS fraction in the field of the SMC is fgss = 0.04 +
0.01, similar to the values measured by Cordoni et al. (2023)
in Galactic OCs, which range from 0.00 (no BSSs) up to 0.07.
Alternatively, adopting the definition of region D from (Sollima
et al. 2008, see their Sect. 3) we measured a lower BSS fraction,
fess = 0.02 £ 0.01. Despite this difference, both measurements
are compatible with those found in other low-density stellar envi-
ronments, where mass transfer in binary systems is considered
the dominant formation channel for BSSs (e.g., Momany et al.
2007; Cordoni et al. 2023).

TOT
06 bin
the f;’; ~ by assuming a flat mass-ratio distribution over the range
0<g<l1.

3 We extrapolated the value of the total binary fraction, from
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Fig. 5. Identification of candidate BSSs in the field of the SMC. The
gray dashed line indicates the zero-age MS isochrone, and the azure
dashed vertical line marks the color of the MS turnoff. The blue and red
solid line represent the fiducial sequence of MS stars shifted blueward
by five times the color error and the equal-mass binary fiducial, respec-
tively. The azure-shaded area indicates region C, and region D is shown
in gray. Candidate BSSs are highlighted with blue triangles, and field
stars are shown as azure star symbols. See the main text for details.

4. The initial mass function of field stars in the
Small Magellanic Cloud

In the following, we derive the MF of field stars in the SMC.
We begin by constructing the observed luminosity function,
accounting for the presence of binaries (Sect. 4.1). In Sect. 4.2
we convert luminosities into stellar masses using the best-fit
isochrone to obtain the MF. Finally, we determine the slope
of the MF and discuss its implications for the universality of
the IMF.

4.1. The luminosity function of field stars in the Small
Magellanic Cloud

To derive the luminosity function of stars in the SMC field,
we adapted the method introduced by Milone et al. (2012b) to
our dataset. Panels a and b of Fig. 6 show the binning scheme
used for the analysis. To properly account for binary contami-
nation, we adopted different strategies for the upper and lower
MS. Specifically, in the upper MS, we divided the CMD into
five regions following a procedure similar to that described in
Sect. 3.1. The key difference is that, for each of the five mag-
nitude intervals, we only defined region A, namely the area
enclosed by the green solid line in Fig. 3, which includes both
single MS stars within a fixed 0.5 mag interval and binaries

whose primary falls within the same range. Since binary iden-
tification in the mp3ows versus mp;sw — mpzzow2 CMD is only
reliable in the upper MS, we applied a uniform binning scheme
with 0.5 mag-wide bins below the MS knee.

In both the upper and lower MS, observational errors cause
contamination between adjacent bins, since stars can scatter
into neighboring regions. As a result, the total number of stars
observed in each region (corrected for completeness), N;, can be
expressed as

Ni = mek, )
k

where n;, is the true number of stars in the k-th bin, and ¢y is the
fraction of those stars scattered into the i-th bin due to observa-
tional uncertainties. The contamination matrix ¢; was computed
using synthetic CMDs generated with ASs. The true star counts
n; were then obtained by solving the linear system defined in
Eq. (5).

To account for the presence of unresolved binaries, we first
used the binary fraction with ¢ < 0.6 measured in Sect. 3.1 to
infer the total binary fraction, fI°T. Assuming a flat mass-ratio
distribution over the range 0 < g < 1, we derived f°T = 0.4. In
each magnitude bin, we then randomly assigned binary compan-
ions by drawing mass ratios from a uniform distribution between
g = 0 and g = 1. The corresponding companion masses were
converted into F322W2 magnitudes using the mass—luminosity
relation from Pietrinferni et al. (2021), and their flux contribu-
tions were added to the primary stars in the respective bins. The
resulting luminosity function is shown in panel c of Fig. 6.

4.2. The mass function slope in the field of the Small
Magellanic Cloud

Figure 6a shows the best-fitting isochrone from the BaSTI stellar
evolution database (Pietrinferni et al. 2021). This fit adopts an
age of 7 Gyr, a metallicity of [Fe/H] = —1.1, a distance modulus
of (m— M)y = 18.90, and a reddening of E(B — V) = 0.05. Using
this isochrone, we converted the observed luminosities into stel-
lar masses, as illustrated in the same panel. The distinct mass
intervals used to construct the SMC MF are shown in differ-
ent colors, with the average mass of stars in each bin labeled
accordingly.

The resulting MF is shown in Fig. 6d, where we plot the
logarithm of the number of stars per unit mass (log(dN/dM)),
normalized by the bin width AM, as a function of the logarithm
of stellar mass. A previous study by Kalirai et al. (2013), based
on ultra-deep HST data, probed the MF of the SMC field down
to M = 0.37 M. In comparison, our JWST observations extend
significantly deeper. According to our mass-luminosity relation,
the faintest SMC stars detected in our data, at mpzoows = 27.9,
correspond to a mass of M = 0.11 M. However, the 50% com-
pleteness limit occurs at mpsnws = 26.22, which translates to
M = 0.22 M. This represents a substantial improvement in the
ability to study the low-mass end of the SMC MF.

The present-day MF of the SMC field, expected to closely
resemble the IMF given the dynamically mixed nature of field
stars (Geha et al. 2013, and references therein), is commonly
described by a power law

dN
— =k-M, 6
dM ©

where k is a normalization constant, and « is the slope. Taking
the logarithm of both sides gives the linear form
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Fig. 6. Determination of the SMC MF. Panel a: mgzoowa Vs. mp11sw — Mpszaw2 CMD for stars in the SMC. The magnitude intervals are highlighted
in different colors, with the corresponding average stellar masses labeled on the right. The red solid line shows the isochrone that best fits the
observed stellar population. Panel b: zoom-in of the CMD focusing on the magnitude range 21.0 < mgzw2 < 24.3. Colored regions indicate the
bins used to compute the MF along the upper MS, tailored to include binary stars. Panels ¢ and d: mgzpw, luminosity function (panel c¢) and
corresponding MF (panel d) for SMC field stars. White points mark bins with photometric completeness below 50%. In panel d, the black solid
line represents a linear fit to the observed MF, restricted to regions of the CMD where the photometric completeness exceeds 50%. The derived
MF slope is indicated in the bottom-right corner of the figure. In all panels, the gray dashed line indicates the 50% completeness limit.

dN
log (W) = log(k) — a - log(M), @)

We performed a least-squares linear fit to the observed
log(dN/dM) versus log(M) distribution, obtaining a best-fitting
slope of @ = —1.99 + 0.08 (black solid line). To validate this
result, we also estimated the MF slope using the maximum
likelihood estimation approach, which assumes a power-law dis-
tribution with a lower mass limit My, and an infinite upper
bound. Applying this method to the observed mass distribu-
tion yields amrg = —1.85 = 0.01, a value consistent with our
least-squares estimate within 20

Several studies have suggested that the stellar MF is better
described by a broken power law. In particular, Kroupa (2001)
reported a change in slope froma = -23toa=-13 at M =
0.5 M. When we imposed a break at M = 0.5 M, we obtained
a=-1.69 +0.15 for M < 0.5M; and @ = -2.02 + 0.29 for
M > 0.5 M. The high-mass slope agrees with the Kroupa value
of @ = —2.3, while the low-mass slope is slightly steeper than
the @ = —1.3 measured in the Galactic field, suggesting a relative
deficit of low-mass stars in the SMC. Consistent with the find-
ings of Kalirai et al. (2013), however, we find that a single power
law reproduces the SMC field MF well and see no evidence of a
broken MF in our data. Moreover, the broken power-law fit is sta-
tistically consistent with a single power law of slope @ = —1.99 at
1o level. Hence, in the following, we consider the value obtained
from the entire mass range.

4.3. Comparison with previous studies

The MF slope, @, measured for the SMC field is shown in
Fig. 7 alongside a broad compilation of MF slopes derived from
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Fig. 7. MF slope, e, as a function of the explored stellar mass range,
compiled from a variety of Galactic and extragalactic environments.
Each point represents the best-fit power-law slope over a specific mass
range, with horizontal error bars showing the width of the corre-
sponding mass interval. Blue circles denote Milky Way GCs, crimson
triangles SMC and LMC clusters, thin green crosses OCs, gold squares
UFDs, gray diamonds Milky Way field stars, the magenta star the Galac-
tic bulge, and thick cyan crosses OB associations. The orange diamond
shows the measurement for the SMC field from this work, and the
nearby cyan diamond corresponds to the result from Kalirai et al. (2013).
The solid red line marks the canonical Salpeter (1955) IMF slope, and
the dashed black lines represent the segmented IMF slopes from Kroupa
(2001). The green dashed line corresponds to the slopes measured by
Cordoni et al. (2023) for Galactic OCs.

various Galactic and extragalactic stellar populations. These
include Galactic GCs (blue circles; Baumgardt et al. 2023), SMC
and Large Magellanic Cloud (LMC) clusters (crimson trian-
gles; Baumgardt et al. 2023), OCs (green thin crosses and green
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dashed lines; Ebrahimi et al. 2022; Cordoni et al. 2023)*, UFDs
(gold squares; Geha et al. 2013; Gennaro et al. 2018a), the Milky
Way field (gray diamonds; Reid et al. 1999, 2002; Schroder &
Pagel 2003; Kroupa & Boily 2002; Allen et al. 2005; Metchev
et al. 2008; Pinfield et al. 2008; Bochanski et al. 2010; Sollima
2019), the Galactic bulge (magenta starred symbol; Zoccali et al.
2000), and OB associations (cyan thick crosses; Reylé & Robin
2001; Schultheis et al. 2006; Vallenari et al. 2006).

Our SMC field measurement (orange diamond) extends
down to 0.22 My, at the 50% completeness limit, probing signifi-
cantly lower stellar masses than most prior extragalactic studies.
This enables a robust characterization of the MF in a low-
metallicity, dynamically mixed stellar population. The resulting

slope, @ = —1.99 + 0.08, is in excellent agreement with the value
reported by Kalirai et al. (2013, cyan diamond), @ = —1.90%0"]3,

based on ultra-deep HST data over the mass range 0.37-0.93 M,,.

In the context of broader stellar populations, the SMC slope
is shallower than the canonical Salpeter value (red solid line).
Additionally, it is consistent with the MF slopes observed in
several Milky Way populations, including some OCs and GCs.
Similarly, the SMC slope agrees with the values measured
within SMC and LMC clusters, suggesting no strong variation
in the MF between field and cluster environments at comparable
metallicities.

5. Summary and discussion

In this work we used deep JWST NIRCam photometry in the
F115W and F322W2 bands to investigate stellar populations
in the field of the SMC. Our study leveraged the unprece-
dented spatial resolution and depth of JWST observations to
explore key aspects of stellar populations in a low-metallicity
and low-density environment. Specifically, we primarily focused
on measuring the fraction of binary systems and deriving the
MEF. These results provide valuable insights into the formation
and evolution of stars in dwarf galaxies and contribute to ongo-
ing discussions about the universality of the IMF. To properly
account for binary contamination in the determination of the MF,
we first concentrated on binaries:
— We determined for the first time the fraction of unresolved
binaries with mass ratios ¢ > 0.6, finding lf;(m =0.14 =
0.01. This value was independently confirmed through com-
parisons with synthetic CMDs that account for the SMC’s
metallicity distribution, which yield a consistent value of

fE00 = 0.14 £0.03;

— We investigated the presence of BSSs in the CMD. In par-
ticular, we measured a BSS fraction of fgss = 0.04 + 0.01.
This value is consistent with previous studies of BSSs in
low-density stellar environments, such as dwarf spheroidal
galaxies and GC outskirts, where dynamical interactions are
rare and mass transfer in binary systems is believed to be
the dominant formation channel (e.g., Momany et al. 2007;
Ferraro et al. 2012). Notably, Cordoni et al. (2023) show
that OCs also exhibit significant BSS populations with sim-
ilar structural dependencies, reinforcing the idea that mass
exchange in binaries is a universal mechanism shaping BSS
formation, from sparse stellar systems like OCs to entire
dwarf galaxies like the SMC.

4 As in Baumgardt et al. (2023), we only show clusters with life-
times and relaxation times larger than their ages. For these objects, the
present-day MF should still reflect the initial one.

The binary fraction measured for the SMC field in this work is
comparable to that observed in Galactic OCs of similar ages. Fur-
thermore, our result for the SMC field is consistent with the total
binary fraction measured for Milky Way field stars of similar
primary masses. These findings align with the general trend that
binary fractions tend to be higher in lower-density environments,
where dynamical interaction rates are relatively low. In contrast,
Galactic GCs, characterized by much higher stellar densities and
interaction rates, experience more frequent binary disruptions,
resulting in systematically lower binary fractions (e.g., Sollima
et al. 2007; Milone et al. 2012a, 2016). This comparison sug-
gests that the binary star formation and evolutionary processes
in the low-density environment of the SMC resemble those in
Galactic OCs and field populations, supporting the notion that
environmental density and dynamical interactions play a key role
in shaping binary fractions across different stellar systems.

Our main results regarding the MF of the SMC field can be
summarized as follows:

— We constructed the luminosity function of SMC field stars
and modeled it using synthetic populations that account for
both completeness effects and unresolved binaries. Using
the best-fit isochrone, we converted magnitudes to stellar
masses; this allowed us to derive the MF down to M =
0.22 M, significantly extending previous limits (Kalirai
et al. 2013);

— We measured the present-day MF of field stars in the SMC
down to 0.22 M., finding a power-law slope of @ = —1.99 +
0.08. This result provides an independent confirmation of
the findings by Kalirai et al. (2013), who reported a slope
of @ = —1.90 over a narrower mass range (0.37-0.93 M) in
a different SMC field. Our measured slope is significantly
shallower than the canonical Salpeter value (@ = —2.35),
challenging the notion of a universal IMF.

The shallower MF slope observed in the SMC implies that star
formation in low-metallicity, low-density environments favors
the formation of more intermediate- to high-mass stars compared
to low-mass stars. This suggests that environmental conditions
such as metallicity, temperature, and gas density influence the
fragmentation of molecular clouds and the resulting stellar mass
distribution. Such variations challenge the universality of the
IMF and have important consequences for the chemical evolu-
tion, feedback, and dynamical history of dwarf galaxies like the
SMC.
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