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ABSTRACT

A significant fraction of stars in both the Galactic field and stellar clusters belong to binary systems. Understanding their properties
is therefore fundamental for a comprehensive picture of stellar structure, stellar evolution, and cluster dynamics. Despite extensive
work on binaries in clusters, key questions remain open, particularly concerning photometric binaries among low-mass stars. While
the binary fraction among field stars shows a strong dependence on stellar mass, studies of star clusters have so far suggested an
approximately constant fraction across the limited mass range explored. Moreover, the mass function (MF) of very low-mass stars
remains poorly constrained in clusters older than a few hundred million years. In this work, we used deep Hubble Space Telescope
imaging of the intermediate-age open cluster NGC 2158 to investigate its binary population and derive the luminosity and MFs down to
~0.14 M,,. This dataset enables the first detailed study of binaries in this cluster. We obtained a global binary fraction of 38%, which is
consistent with that observed in other open clusters, and detected a clear mass dependence: the fraction decreases from ~52% at 1.0M,,
to ~11% at 0.2M,,. This trend mirrors that seen in the Galactic field, which suggests that binaries in NGC 2158 and field populations
share similar properties. The MF of NGC 2158 is best described by three regimes: high-mass stars (@ = —2.49 + 0.19), low-mass stars
(@ = —1.11 £ 0.09), and very low-mass stars (@ = —0.08 + 0.07). The slope change near 1.0 M,, agrees with recent open cluster surveys,
although we find a deficit of stars at the lowest masses (M < 0.3 M,,). Finally, we identify a discontinuity in the main sequence around
M ~ 0.3 M. We explore the possibility that this feature traces the *He-driven instability predicted by stellar models, analogous to the

‘Jao Gap’ observed in the colour—-magnitude diagram of nearby field stars.

Key words. open clusters and associations: general — Galaxy: stellar content

1. Introduction

Binary stars are key members of stellar populations and are cen-
tral to many aspects of cluster astrophysics. The evolutionary
paths of binary systems can differ significantly from those of sin-
gle stars, depending on their orbital properties and mass ratios,
and they are progenitors of exotic stellar populations including
blue stragglers, cataclysmic variables, and millisecond pulsars.
Accurate determinations of global parameters such as the mass
function (MF) and the total mass of a stellar population require
precise knowledge of the frequency and the properties of binary
stars.

Binary frequency and properties influence both the structural
evolution of clusters and the interpretation of their observable
features. They must be accounted for in order to fully understand
the dynamical state of a cluster. Through their role as inter-
nal energy sources, binaries regulate the long-term dynamical
evolution of clusters.

* Corresponding author: anastasiavadimovna.marchuk@studenti.
unipd.it

The colour—-magnitude diagram (CMD) provides one of
the most effective means to investigate binary populations in
resolved stellar populations. Because unresolved binaries appear
offset from the main sequence (MS), CMD analyses enable sta-
tistical determinations of binary fractions with no dependence
on orbital inclination or period. This approach has been success-
fully applied to numerous star clusters (e.g. Romani & Weinberg
1991; Bolte 1992; Cool & Bolton 2002; Bellazzini et al. 2002)
and in nearby dwarf galaxies (Legnardi et al. 2025; Muratore
et al. 2026).

Accurate photometry from high-resolution Hubble Space
Telescope (HST) images and from recent Gaia data releases has
enabled systematic investigations of large samples of open and
globular clusters. Among their main achievements, these studies
have revealed that the fraction of binary stars varies significantly
from one cluster to another (Sollima et al. 2007; Milone et al.
2012a, 2016; Cordoni et al. 2023; Mohandasan et al. 2024).
In particular, the binary fraction in cluster cores correlates
with cluster mass. Massive globular clusters often exhibit very
small core binary fractions, as low as 2-5%, whereas low-mass
open clusters exhibit core binary fractions up to an order of
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magnitude higher (e.g. Mohandasan et al. 2024, and references
therein). However, a more controversial result that has emerged
from studies of binaries in star clusters typically shows a nearly
constant binary fraction as a function of the primary stellar
mass. This finding appears to contrast with observations in
the Galactic field, where a strong correlation between binary
fraction and primary mass is well established. In the field, stars
with masses above ~10 Mg are predominantly found in binaries,
whereas the binary fraction decreases to below 20% for stars
with masses smaller than ~0.2 Mg (Offner et al. 2023, and
references therein). Since a large fraction of field stars originated
in clusters that have since dissolved, this discrepancy between
cluster and field observations calls for further investigation.

Beyond binaries, the stellar MF provides a fundamental
diagnostic of cluster formation and dynamical evolution. The
canonical Kroupa (2001) MF has long been considered a univer-
sal description of stellar populations, yet recent evidence from
the survey of open clusters based on Gaia Data Release 3 (DR3)
data by Cordoni et al. (2023) suggests significant deviations from
this form in the analysed mass interval (~0.3-2.5 My,). Extend-
ing MF determinations to lower stellar masses with deep HST
data provides a crucial opportunity to test these deviations and
to assess the role of dynamical evolution in shaping the MF.

At the faintest end of the MS, the so-called M-dwarf gap
has recently been identified in field populations (e.g. Jao et al.
2018), where it manifests as a discontinuity in the number counts
of late-type stars. This feature is thought to arise from changes
in the stellar interior structure at the transition to full convec-
tion. Extensive photometric surveys with HST and James Webb
Space Telescope have been conducted, mostly focused on glob-
ular clusters (e.g. Richer et al. 2006; Dondoglio et al. 2022;
Marino et al. 2024). However, no such gap has yet been observed,
although the homogeneous stellar populations of clusters pro-
vide an ideal laboratory for testing its presence and properties.
Detecting (or ruling out) gaps or discontinuities along the M-
dwarf sequence in a cluster environment would thus represent a
significant step forwards in connecting stellar astrophysics with
cluster population studies.

In this paper, we address these three issues by analysing
deep HST photometry of the ~2-Gyr-old Galactic open cluster
NGC 2158 (Carraro et al. 2002; Bedin et al. 2010). We investi-
gate its CMD across a wide range of stellar masses to study the
binary population, derive the cluster MF, and search for evidence
of the M-dwarf gap or discontinuity. The paper is organized as
follows. In Sect.2 we describe the dataset and the procedures
used to derive stellar astrometry and photometry. Sections 3 and
4 present the analysis of the binary population and the stellar MF,
respectively. In Sect. 5 we focus on the faint end of the MS and on
the discontinuity detected along the M-dwarf sequence. Finally,
Sect. 6 provides a summary of our results and a discussion of
their implications.

2. Data and data reduction

To investigate NGC 2158, we used images collected with the
Wide Field Channel of the Advanced Camera for Surveys
(WFC/ACS) on board the HST, whose main characteristics
are summarized in Table 1. All observations were obtained as
part of programme GO 10500 (PI: L. Bedin). We performed all
measurements on the _flc images, which are bias-, dark-, and flat-
field—corrected exposures that include a pixel-based correction
for charge transfer efficiency (CTE, Anderson & Bedin 2010).
We measured ACS/WFC photometry using the Jay
Anderson’s KS2 reduction pipeline (an advanced descendant
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Table 1. Information on the WFC/ACS images used in this work.

Date N X exposure time Filter

2005 Oct. 24-25 2x20s+1145s+4x1150s F606W
2005 Oct. 24-25  1s+2x20s+1130s+4x1150s  F814W
2006 Nov. 06 1s+4%20s+1130s+1145s+  F606W

8x1150s

of the kitchen_sync package, Anderson et al. 2008b), and
employing specifically Method 1 and Method 2 (Sabbi et al.
2016; Bellini et al. 2017; Milone et al. 2023). The two methods
differ in the way fluxes and positions are extracted from the
images:

Method 1: for each exposure, we modelled and subtracted
neighbouring stars, then performed a point-spread function
(PSF) fit using a spatially variable effective PSF (ePSF)
model (Anderson & King 2000). This yielded independent
estimates of the flux and position per star per exposure. The
final photometry and astrometry were computed by averag-
ing across all exposures, taking into account measurement
uncertainties and systematic offsets between frames.

Method 2: after neighbour subtraction, we performed aperture
photometry on the residual images by summing counts
within a small fixed aperture around each star. This method
is particularly useful for fainter stars whose profile is not
well captured by a PSF fit. The aperture fluxes were then
combined over multiple exposures.

We adopted Method 1 for bright stars, where the PSF model is
well constrained, and Method 2 for the measurement of fainter
stars or in crowded regions. All measurements were corrected for
geometric distortion, flat-field effects, and charge-transfer ineffi-
ciency according to the standard ACS/WFC calibration recipes.
Cross-epoch transformations and frame-to-frame photometric
offsets were derived from bright, well-measured stars. The final
catalogue lists the best flux, magnitude, uncertainty, and posi-
tional information for each star, derived via the combination of
the two methods. Stellar positions were corrected for geomet-
ric distortion using the solution provided by Anderson (2022),
and the photometry, calibrated to the VEGAMAG photometric
system as in Milone et al. (2023), was corrected for the effects
of differential reddening following the procedures described in
Milone et al. (2012a) and Legnardi et al. (2023).

The resulting mpg 4w versus mpgosw — Mpgiaw CMD is shown
in the left panel of Fig.1. A visual inspection of this CMD
reveals a well-defined MS that extends over more than nine
magnitudes in the F814W band. A prominent binary sequence,
composed of MS—MS systems, runs parallel to the MS on its red
side. The upper MS exhibits a sudden change in slope around
mpsgiaw ~ 16.3, which we tentatively associate with the gaps
predicted by theoretical studies (Bohm-Vitense 1970; D’Antona
et al. 2002) and observed in nearby Galactic open clusters
(Bohm-Vitense & Canterna 1974; de Bruijne et al. 2000, 2001)
and intermediate-age Magellanic Cloud clusters (Milone et al.
2023). The white-dwarf cooling sequence is clearly visible in the
lower-left region of the CMD (see Bedin et al. 2010, for a detailed
study of the white-dwarf sequence in NGC 2158). The right
panel of Fig. 1 also shows the best-fit isochrone from (Marigo
et al. 2017), which corresponds to a stellar population with an
age of 2.2 Gyr, a metallicity of Z = 0.007, and [a/Fe]=0.0. We
adopted a distance modulus of (m — M)y = 13.20mag and a
foreground reddening of E(B — V) = 0.47 mag.
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Fig. 1. Left: CMD of NGC 2158 corrected for differential reddening.
Right: zoomed-in view of the same CMD, with the best-fit isochrone
from Marigo et al. (2017) overplotted.

To characterize photometric uncertainties, completeness lev-
els, and blending effects in the CMD, we performed exten-
sive artificial-star (AS) tests following the procedures described
by Milone et al. (2012a, 2023). We generated a large cata-
logue of one million ASs with the same radial distribution and
luminosity-function shape as the observed stars. We assigned
each AS a magnitude and colour according to the empirical
MS fiducial that covers the full observed range. The stars were
added one at a time (so that no two ASs overlap). Then, we
repeated the full photometric reduction, including ePSF fitting
and the same selection criteria adopted for real stars. An AS
was considered recovered if its output magnitude differed from
the input value by less than 0.75 mag and its measured posi-
tion was within ~0.5 pixel of the input coordinates. The ratio of
recovered to injected ASs, computed in bins of magnitude and
radial distance, provided completeness fractions as a function
of magnitude and position. Photometric uncertainties, evalu-
ated in magnitude bins, were derived from the dispersion of the
(output—input) magnitude distributions for recovered artificial
stars.

3. The population of binaries

At the distance of NGC 2158, most of the binary systems that are
able to survive in the dense cluster environment are not spatially
resolved. These systems therefore appear as point-like sources
whose observed flux is the sum of the light from both compo-
nents. In the following, we focus on the population of unresolved
binaries, while Sect. 3.1 is devoted to wide binaries that may be
resolved by HST. To estimate the fraction of unresolved binaries
with a mass ratio ¢ > 0.5, we adopted the procedure described
by Milone et al. (2012a), which is summarized in the following.

We defined two regions in the CMD. Region A includes sin-
gle MS stars and binaries with primary magnitudes of 17.0 <
mpgaw < 24.8 (area enclosed by red and green lines in Fig. 2).
Region B, a subset of A, contains binaries with ¢ > 0.5 (shaded
area in Fig. 2). The dashed green line represents the locus of
equal-mass binaries shifted by +4o0 in colour, where o is the
photometric uncertainty following Milone et al. (2012a). The red
line marks the MS fiducial, offset by —40. The binary locus
for the mass ratio, g = 0.5 (orange line in Fig. 2), was derived

Observed stars Field + Simulated stars

MmEpgi4w

Mpeosw — TF814W

Mmpeoew — MES14AW

Fig. 2. Left: zoom-in of the left-panel CMD shown in Fig. 1 around the
region where binaries with large mass ratios can be more clearly distin-
guished from the bulk of single stars. Right: simulated CMD including
single stars only. Simulated cluster members and field stars are shown
as black points and magenta starred symbols, respectively. The red and
green lines in both panels enclose region A of the CMD, used to infer
the binary fraction. The grey shaded area delineates region B, a sub-
region of A that primarily hosts binaries with mass ratios larger than
0.5. Region F, populated by field stars, is the CMD area enclosed by the
dashed black lines.

from the mass-luminosity relation of the best-fitting Marigo et al.
(2017) isochrones.

The binary fraction was computed as in Eq. (1) of Milone
et al. (2012a):

B _ B B
fq>0.5 _ NREAL NFIELD _ NAS (1)
bin T pAJA _AA A

NREAL NFIELD NAS

where NQ‘EBAL are the completeness-corrected numbers of cluster

stars in regions A and B, and N]?I‘SLD and Nﬁf are the correspond-
ing numbers of field stars normalized to the cluster field area and
the numbers of ASs, respectively.

To derive the simulated CMD used to estimate N,g~, we
adopted the same procedure described by Milone et al. (2012a).
This ensures that the AS sample used to infer the fraction of
B
chance-superposition binaries, i.e. the ratio %, reproduces the

A,(B)

spatial and luminosity distributions of the observed stars.

The number of field stars was estimated from a synthetic
MEg14w  VEISUS MEqoewW — MIE814W CMD, generated with the
Trilegal code' (Girardi et al. 2005). The simulations provide
the expected star counts, magnitudes, and colours in the field
of view of NGC 2158 based on the Galactic model of Girardi
et al. (2005). To reduce uncertainties in the estimated number
of field stars arising from possible discrepancies between the
Galactic model and the observed field, we identified a region
(F) in the CMD that is expected to be mainly populated by field
stars. To account for binary systems composed of MS stars and
white dwarfs (WDs) that may populate region F of the CMD, we
adopted the following procedure. We started by simulating 183
WDs, as inferred by Bedin et al. (2010) from the same dataset
used in this study, and assumed that 40% of them are in MS-WD
binary systems. For these binaries, we added a MS companion to

! http://stev.oapd.inaf.it/cgi-bin/trilegal
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the WD flux, with the companion’s luminosity drawn from the
observed luminosity function of MS stars. Based on this analysis,
we expect that less than ten binary systems populate region F. We
then scaled the number of simulated field stars such that the total
number of simulated stars in region F is ten times larger than the
number of observed stars after accounting for the contamination
of WD-MS binaries of NGC 2158. This factor of ten ensures that
statistical fluctuations are minimized and that the comparison is
not dominated by low-number statistics.

We find a binary fraction of quiio,s =0.19 £ 0.01 for systems
with mass ratios greater than 0.5. By assuming a flat mass-
ratio distribution and adopting a minimum secondary mass of
0.075 My (Offner et al. 2023), we extrapolate a total binary
fraction of fi;, = 0.38 + 0.02. To estimate the uncertainties on
the binary fraction, we simulated a CMD containing 10° stars,
adopting the observed binary fractions. From this simulated
CMD, we randomly extracted the same number of stars as in the
observed CMD and measured the binary fraction using the same
procedure applied to the real data. This process was repeated
1000 times, and the uncertainty on the binary fraction was taken
as the root-mean-square (rms) of the 1000 measurements. These
values are comparable to those observed in many open clusters
(Cordoni et al. 2023).

3.1. Wide binaries

Given WFC/ACS’s high angular resolution and the distance of
the cluster, a significant fraction of wide binaries can be resolved
into two distinct sources. For example, adopting the log-normal
distribution for the orbital separations of binary systems derived
by Raghavan et al. (2010) for field stars and assuming an average
stellar mass of 0.6 M, we would expect that approximately 28%
of all binaries have projected separations larger than 220 AU,
while about 5% have separations exceeding 8000 AU.

To assess the ability of our procedure to resolve and accu-
rately measure the individual components of binary systems, we
performed extensive AS tests. We generated a synthetic cata-
logue composed exclusively of binary systems, adopting a flat
mass-ratio distribution and random separations uniformly dis-
tributed between 0 and 36 ACS/WFC pixels, corresponding to
0-8000 AU at the distance of NGC 2158. The primary com-
ponents were drawn to follow the same radial distribution and
luminosity function as the observed stars. These ASs were then
processed using exactly the same reduction and analysis applied
to the real data.

Based on the analysis of binaries with a mass ratio larger
than 0.5, we find that binary systems with separations smaller
than 1.0 ACS/WFC pixel (i.e. ~220 AU) are not resolved and
appear as point-like sources, with a measured flux that is con-
sistent with the sum of the fluxes of the two components. In
contrast, systems with separations larger than 2 ACS/WFC pixels
(i.e. ~440 AU) are fully resolved. For intermediate separations,
both resolved and unresolved binaries are detected, and systems
that have larger mass ratios are resolved at smaller separations
than those with low mass ratios.

To estimate the fraction of resolved binaries, we adopted the
following procedure. We first determined the observed number
of apparent double MS systems, Ngux, defined as MS stars
that have a resolved, fainter MS companion within 36 pixels and
with a mass differing more than 0.5 times from the mass of the
primary star.

In an analogous way, we computed the number of apparent
double ASs, NZ”S”ble, that is, the number of resolved ASs with
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Table 2. Fraction of binaries derived for stars in five luminosity
intervals.

mpglaw range  Mass range Jpin }:;;0.5
[mag] [Mo]
17.0-18.6 0.83-1.12 0.52+0.04 0.28 +£0.02
18.6-20.2 0.61-0.83 0.40+0.03 0.22+0.02
20.2-21.8 0.43-0.61 0.41 £0.03 0.23 +0.02
21.8-23.4 0.25-043 0.29+0.02 0.18 +£0.01
23.4-25.0 0.14-0.25 0.10+0.01 0.09 +0.01

an observed MS neighbour that has a mass ratio larger than 0.5.
We defined all stars lying between the red and yellow lines in
Fig. 2 as probable MS members, and only considered stars with
17.0 < MEgI4awW < 23.0 mag.

To account for contamination from chance superpositions
with field stars, we estimated the number of double field stars,
Ngfgfg. We assigned random coordinates to the field population
and identified those field stars that fall in the MS region of the
CMD that have an observed MS star within 36 pixels. For each
such pair, we computed the mass of a cluster star with the same
magnitude as the field star and classified the system as a double
field star when the mass ratio between the fainter and the brighter
component exceeds 0.5.

The fraction of resolved binaries with a mass ratio larger than
0.5 is calculated as

double __ njdouble double
fq>0.5 _ NREAL NFIELD _ NAS (2)
resolved bin NA _ NA NA .

REAL FIELD AS

We find a negligible fraction of wide binaries, with
fq>0‘5 = 0.01 £ 0.01. Restricting the analysis to systems with

resolved bin
projected separations smaller than 1000 AU leads to the same
conclusion; the fraction of wide binaries in NGC 2158 is consis-
tent with zero, in sharp contrast to what is observed among field
stars. As a consequence, in the following we consider results

from unresolved binaries only.

3.2. The binary fraction as a function of primary-star
luminosity and mass

We investigated how the incidence of binaries depends on the
brightness and mass of the primary component. The fraction of
systems with g > 0.5 was measured in five 1.6 mag-wide bins
along the F814W MS, following the same procedure described
above. The results are provided in Table 2, where we also pro-
vide the minimum and maximum mass and F814W magnitude
of single stars and primary components of the binary systems in
each bin, along with the total fraction of binaries. The total frac-
tion of binaries is extrapolated from the measured fraction of
binaries with q>0.5 by assuming a flat mass-ratio distribution.

We find that more than 50% of systems in the brightest
magnitude bin are binaries, and that the binary fraction steadily
decreases along the MS, reaching ~20% in the faintest bin anal-
ysed. When comparing our results with those obtained in the lit-
erature for the Galactic field and for the Small Magellanic Cloud
(SMC) in Fig. 3, we find that they follow the same trend between
total binary fraction and primary-star mass. This similarity sug-
gests that binary formation and evolution in NGC 2158 could be
comparable to that observed in the low-density environments of
the Milky Way and the SMC.
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Fig. 3. Total binary fraction as a function of primary-star mass from
Offner et al. (2023) and Legnardi et al. (2025), with the addition of
five new data points (red dots) derived from our study of the open clus-
ter NGC 2158. The grey dots reproduce the literature compilation from
Offner et al. (2023) for the Galaxy used in the original plot, and the
green diamond represents the SMC binary fraction.

4. The mass function

To derive the stellar MF of NGC 2158, we adopted the setup
illustrated in Fig.4, which is based on that used by Legnardi
et al. (2025). To analyse the MS, we defined seventeen regions
in the CMD. Each region, constructed as described in Sect. 3,
includes single MS stars spanning a 0.25-mag-wide interval
from mpg1aw = 17.0 to 24.8, as well as binaries whose primary
components fall within the same magnitude range. For binaries,
the secondary-to-primary mass ratio ranges from 0O to 1.

Due to observational uncertainties, stars may scatter across
adjacent magnitude—colour bins, which leads to contamination
between neighbouring regions in the CMD. Consequently, the
total number of stars observed in each region (after completeness
correction), N;, can be expressed as

Ni— Ny = Z ks Chis (3
%

where Ny; and ny; are the number of field stars and the intrinsic
number of stars in the k-th bin, and c¢;; represents the fraction
of those stars that, due to photometric errors, are scattered into
the i-th bin. The contamination matrix, c; , was derived from
synthetic CMDs constructed through AS experiments. These
simulated CMDs adopt the same binary fractions measured in
NGC 2158, assuming a flat mass-ratio distribution. The intrin-
sic star counts, ny, were subsequently recovered by solving the
linear system defined by Eq. (3) (Milone et al. 2012b; Legnardi
et al. 2025).

The resulting luminosity function is shown in the top-right
panel of Fig. 4. The error bars in each bin, which account for
the Poisson noise of the observed star counts and the uncer-
tainty in the completeness correction itself, are estimated as
Mot N a where C; is the average completeness cor-
C? 7 C3 Nasi’ !
rection for the stars in the bin and N4g; is the number of injected
ASs.

The corresponding MF, derived by converting stellar mag-
nitudes into masses using the relation between stellar mass and

ONi =

mps1aw Mmagnitude from the best-fit isochrone, is presented in
the bottom-right panel. A visual inspection of the MF reveals a
clear change in slope around 1.0 Mg, which is consistent with
the feature reported by Cordoni et al. (2023) in their analysis of
Galactic open clusters based on Gaia DR3 data. If we assume
a broken power law with two segments joined at 1.0 My, we
obtain slopes of @ = =2.49 +0.19 and @ = —1.11 + 0.09 for stars
less and more massive than this threshold, respectively, and with
masses larger than 0.3 Mg,. At the lower end of the MS, for stellar
masses below 0.3 Mg, which is outside the mass range analysed
by Cordoni et al. (2023), the MF shows an additional flattening,
characterized by a slope of @ = —0.08 + 0.07.

If instead we impose a break at M = 0.5 M, as in the canoni-
cal Kroupa (2001) IMF, we derive slopes of @« = —1.73 £ 0.07 for
M > 0.5Mg and o = —0.33 = 0.07 for M < 0.5 M. Both values
are significantly shallower than the corresponding Kroupa (2001)
slopes (@ = —2.3 and —1.3), and we find no clear evidence for a
distinct break at M = 0.5 M. Overall, a representation with a
break at M = 1.0 M, similar to that adopted by Cordoni et al.
(2023), seems to provide a better description of the observed
mass distribution than the Kroupa-like parametrization.

The MF slope, @, determined for NGC 2158 is displayed in
Fig. 5, together with a comprehensive compilation of MF slopes
measured for a wide variety of Galactic and extragalactic stel-
lar systems. The comparison includes Galactic globular clusters
(GCs; blue circles; Baumgardt et al. 2023), stellar clusters in the
Small and Large Magellanic Clouds (SMC and LMC; crimson
triangles; Baumgardt et al. 2023), open clusters (OCs; dashed
green lines; Cordoni et al. 2023)2, ultra-faint dwarf galaxies
(UFDs; gold squares; Geha et al. 2013; Gennaro et al. 2018),
the Milky Way field (grey 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 star; Zoccali et al.
2000), and OB associations (thick cyan crosses; Reylé & Robin
2001; Schultheis et al. 2006; Vallenari et al. 2006).

For completeness, we tested the impact of model-dependent
systematics by repeating the LF-MF conversion using
isochrones from the ‘bag of stellar tracks and isochrones’
(BaSTI) (Pietrinferni et al. 2021) and the Dartmouth (Dotter
et al. 2008) stellar evolution databases. In both cases we adopted
the same age, metallicity, distance modulus, and reddening
as for the reference model, which provide an excellent match
with the observed CMD. For the BaSTI isochrone, we adopted
[a/Fe]=0.2, as this slightly improves the fit to the observed data.
The resulting MF slopes obtained from the BaSTI models for
stars in the three analysed mass bins are @ = —2.49 + 0.17,
-0.97 £ 0.07, and —-0.22 + 0.07, whereas the Dartmouth
isochrones provide a = -2.49 + 0.20, —1.01 + 0.09, and
—0.04 + 0.09. These results are consistent within one sigma and
are therefore fully consistent with the reference values obtained
with the models by Marigo et al. (2017), which demonstrates
that our conclusions on the MFs are not sensitive to the adopted
stellar models.

5. A discontinuity along the M-dwarf sequence

A visual inspection of the CMD of NGC 2158 shown in Fig. 6a
reveals a clear discontinuity in the MS slope around mpgoew =
25.2. At this magnitude, the MS abruptly turns towards bluer

2 As in Baumgardt et al. (2023), we only consider clusters whose life-
times and relaxation times exceed their ages, which ensures that their
present-day MFs still trace the initial ones.
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Fig. 5. Mass function slope, a, as a function of the explored stellar mass
range, compiled from a variety of Galactic and extragalactic environ-
ments. Each point represents the best-fit power-law slope derived over
a specific mass interval, with horizontal error bars indicating the width
of the corresponding mass range. The green crosses indicate the mea-
surements of NGC 2158 from this work. The solid red line marks the
canonical Salpeter (1955) IMF slope, while the dashed black lines repre-
sent the segmented IMF slopes from Kroupa (2001). The dashed green
line corresponds to the slopes measured by Cordoni et al. (2023) for
Galactic open clusters.

colours by approximately 0.05 mag for fainter magnitudes. A
similar change in the slope appears to occur along the equal-mass
binary sequence, about (.75 mag brighter. To better highlight this
CMD feature, Fig. 6b displays a zoomed-in view of the region
surrounding the MS discontinuity. We fitted a straight line to the
MS segment above the discontinuity (23.5 < mpgew < 24.75)
and rotated the CMD around the point on this line that cor-
responds to mpgoew = 24.75, so that the fitted line becomes
vertical. The resulting rotated diagram, plotted as Y’ versus X’
in Fig. 6¢, compresses the colour spread of the selected MS
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nuity is not predicted by the best-fit isochrone, nor by isochrones
from other databases (Dotter et al. 2008; Pietrinferni et al. 2021).
Since the ASs were processed using the same reduction proce-
dures and share the same spatial and luminosity distribution as
the real stars, this result demonstrates that the MS discontinuity
is an intrinsic property of the cluster, rather than an artefact of
the data reduction process.

We tentatively attribute this newly detected feature in the
CMD, observed here for the first time in a star cluster, to the
influence of the 3He-driven instabilities predicted by theoreti-
cal models of low-mass stars (Dantona & Mazzitelli 1982; van
Saders & Pinsonneault 2012). We discuss this interpretation
further in Sect. 6.

6. Summary and discussion

We used HST images of the Galactic open cluster NGC 2158
to derive a deep CMD in the F606W and F814W bands from
ACS/WEFEC observations. This diagram enables the identification
of the cluster’s main evolutionary sequences, including the
sparsely populated red clump, red-giant branch (RGB) and
sub-giant branch. The MS is clearly defined over a range of
approximately ten magnitudes in F606W, extending down to
stars with masses of about 0.1 M. A prominent binary sequence
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Fig. 7. Left: zoomed-in view of the observed CMD of NGC 2158 around
the M-dwarf discontinuity. The solid blue line marks the MS fiducial,
while the dashed line indicates the fiducial sequence for equal-mass
binaries. Right: simulated CMD of MS stars. The solid red line rep-
resents the best-fit isochrone introduced in Fig. 1, and the dashed line
corresponds to the equal-mass MS—-MS binary fiducial.

is also visible, running redwards of the MS. These deep HST
data reveal the entire white-dwarf cooling sequence, which was
the primary target of the HST programmes under which this
dataset was collected (Bedin et al. 2010). We took advantage
of the exquisite photometry to constrain the MF, study the

population of binaries, and investigate the MS morphology in
the CMD. The main results can be summarized as follows:

— We derived the fraction of binary systems composed of two
MS stars with mass ratios larger than ¢ = 0.5. Our analysis
covered a wide magnitude range, including single stars with
masses between 0.14 and 1.12 M, as well as binary systems
whose primary components span the same mass interval. We

obtained a binary fraction of quizo.s =0.19+£0.01 and extrap-
olated a total fraction of binaries, fy, = 0.38 + 0.02, which
is consistent with the values observed in open clusters (e.g.
Cordoni et al. 2023). We find no evidence for wide binaries
with projected separations larger than ~440 AU. We find that
the total binary fraction decreases with stellar mass, from
0.52+0.04 at ~1.0 My t0 0.11 £0.01 at ~0.2 M. This trend,
together with the derived binary fractions, closely matches
that observed in the Galactic field.

— The MF of NGC 2158 is well represented by three distinct
regimes: high-mass stars (@ = —2.49 + 0.19), low-mass stars
(@ = —1.11 £ 0.09), and very low-mass stars (¢ = —0.08 +
0.07). The derived slopes and the turnover around 0.9 M, are
consistent with those observed in the population of Galactic
open clusters based on Gaia DR3 data (Cordoni et al. 2023).
This agreement supports the conclusion by Cordoni et al.
(2023) that open clusters exhibit remarkably similar MFs. In
addition, we detect a pronounced deficit of stars at the lowest
masses (M < 0.3 M), arange not explored by Cordoni et al.
(2023), where we measure a nearly flat MF.

— We find that the MS fiducial line exhibits an abrupt change
in slope at a stellar mass of approximately 0.3 My. To our
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knowledge, such an MS discontinuity has not been reported
in any other star cluster and we verified that it is not predicted
by current isochrone models (Dotter et al. 2008; Marigo
et al. 2017; Pietrinferni et al. 2021). To investigate the origin
of this CMD feature, we examined theoretical studies and
observational results for nearby Galactic stars.

Dantona & Mazzitelli (1982) investigated convection in
faint MS stars and showed that stars with masses of about
~0.4 M become fully convective, which leads to total mix-
ing. This mixing modifies the *He concentration in the stellar
core on short timescales, which produces a sudden change
in nuclear luminosity and drives a thermal readjustment,
accompanied by variations in radius, effective temperature,
and luminosity.

Building on this line of investigation, van Saders &
Pinsonneault (2012) predicted an instability in stars slightly
more massive than the full-convection threshold (see also
Andronov & Pinsonneault 2004). In their models, the
buildup of central *He causes the convective core to expand
until it connects with the surface convection zone, trigger-
ing episodes of complete mixing, the so-called ‘convective
kissing instability’.

These events periodically alter the stellar structure, lead-
ing to modest (approximately a few percent) changes in
radius and luminosity over Myr to Gyr timescales, but they
eventually cease once the *He abundance becomes suffi-
ciently high for the star to remain fully convective for the
rest of its MS lifetime. As a consequence, this instability,
and any associated photometric discontinuity, is expected
to be visible in young and intermediate-age stellar popu-
lations, but not in old clusters whose low-mass stars have
already reached the fully convective phase. This is consis-
tent with the fact that deep, high-precision photometry of
very low-mass MS stars of several globular clusters and old
open clusters did not show evidence of such a feature in
their CMDs (e.g. Anderson et al. 2008a; Bedin et al. 2008;
Correnti et al. 2016; Ziliotto et al. 2023; Milone et al. 2025).
It is plausible that the discontinuity in the NGC 2158 CMD
traces the same physical process predicted by models of *He-
driven instabilities in low-mass stars (Dantona & Mazzitelli
1982; van Saders & Pinsonneault 2012).
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Appendix A: Proper motions

The availability of HST images obtained at multiple epochs
enables the measurement of stellar proper motions. We use these
proper motions to distinguish the bulk of cluster members from
field stars and to determine the binary fraction for the sample
of NGC2158 cluster stars. At odds with what we have done
in Sect.3, where we used the Trilegal Galactic model (Girardi
et al. 2005) to estimate the numbers of field stars in the observed
CMD, the fraction of binaries inferred in this section rely on
proper-motion selected field stars and cluster members.

To derive stellar proper motions we followed the approach
described by Milone et al. (2023, Sect. 5; see also Anderson &
King 2003; Piotto et al. 2012). First, we considered astrometric
catalogs for each epoch by using stellar positions in all available
HST images collected in 2005 and 2006 and the stellar posi-
tion provided by the Gaia DR3 catalog (Gaia Collaboration
2021). We transformed positions into a common master refer-
ence frame using linear six-parameter transformations calibrated
on bright, well-measured stars. For each star, its transformed
positions as a function of observational epoch were fitted with
a weighted least-squares line, the slope of which provides the
relative proper motion. The relative proper motions have been
converted into absolute ones by comparing them with the abso-
lute stellar proper motions from Gaia DR3. The probable cluster
members were defined iteratively as stars with motions consis-
tent with the cluster bulk motion (see Milone et al. 2023, for
details). The results are illustrated in Fig. A.1, where we show
the mpg14w versus (mpgosw — Mmrgiaw) CMD (left panel) together
with the proper-motion diagram of stars in three F§14W mag-
nitude intervals (right panels). We used black dots and magenta
starred symbols to represent probable cluster members and field
stars, respectively. Noticeably, we limited the analysis to stars
with mpgi4w < 21.8. Indeed, due to the short time baseline of
about one year of the HST images, it is not possible to derive
precise proper motions for faint stars.

Based on the CMDs of proper-motion—selected field stars
and cluster members, we estimated the fraction of binaries with
mass ratios (q>0.5) in three F§14W magnitude intervals, (17.0-
18.6), (18.6-20.2), and (20.2-21.8), using the procedure described
in Sect. 3 (see also Sect. 4 of Milone et al. 2012a). We obtained
binary fractions of (0.26+0.03), (0.24+0.03), and (0.21+0.02),
respectively. These values agree within 1o with those reported
in Table 2, which were derived using simulated field stars from
TRILEGAL. This agreement confirms that our results are not
significantly affected by the choice of the adopted field-star
sample.
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Fig. A.1. Left: Reproduction of the mggiqw versus (mgsosw — MEsiaw)
CMD of NGC 2158 for stars brighter than mgg14w = 21.8 with measured
proper motions. Right: Proper-motion diagrams for stars in the three
mpg1aw Magnitude intervals indicated by the horizontal dotted lines in
the CMD. Probable cluster members are shown as black dots, while field
stars are marked by magenta starred symbols.
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