Universita degli Studi di Padova

DIPARTIMENTO DI FISICA E ASTRONOMIA “GALILEO GALILEI”

MASTER THESIS IN ASTROPHYSICS AND COSMOLOGY

Binaries in Star Clusters: NGC 2158

SUPERVISOR MASTER CANDIDATE
Pror. ANTONINO P. MILONE ANASTASIA V. MARCHUK
UNIVERSITA DI PADOVA STUDENT ID: 2106915

ACADEMIC YEAR 2024/2025



ii



IF, ON THE OTHER HAND, WE HAVE RECOURSE TO THE SIMPLICITY OF
THE KNOWN EFFECTS OF ATTRACTION, AND ADMIT THE TWO STARS OF OUR
PRESENT DOUBLE STAR TO BE UNITED IN ONE SYSTEM, ALL THE FOREGOING
DIFFICULTIES OF ACCOUNTING FOR THE OBSERVED PHENOMENA WILL VANISH.

HERSCHEL, 1803
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Abstract

A large fraction of stars in both the solar neighborhood and star clusters are
a part of binary systems, so developing a complete understanding of binaries is
essential in order to properly describe stellar structure, stellar evolution, and the
dynamical history of clusters. Despite extensive study of binaries in star clusters,
key open questions still exist. In particular, photometric binaries among low mass
stars are largely unexplored. While the binary fraction in field stars has a strong
correlation with stellar mass, studies focused on star clusters suggest a nearly
constant fraction across the limited mass range investigated to date. Additionally,
the mass function of very low mass stars remains largely unconstrained among
clusters older than a few hundred Myr.

In this work, I analyze deep, multi-epoch images of the intermediate age open
cluster NGC 2158, obtained with the Wide Field Channel of the Hubble Space
Telescope Advanced Camera for Surveys. I derived high precision photometry and
proper motions using software developed by Jay Anderson. This data enabled,
for the first time, a detailed study of binary stars in this cluster as well as the
determination of the luminosity and mass functions to ~ 0.1Mg,.

The best fit isochrone for this cluster gives an age of 1.9 Gyr and [Fe/H] =
-0.03. The color magnitude diagram reveals a well defined binary sequence that
is clearly distinguishable down to the lowest stellar masses. From this dataset,
I measured the binary fraction over the deepest mass range investigated so far,
finding a value of 19%, comparable to that observed in other open clusters. I also
find a strong mass dependence: the binary fraction decreases from ~26% at 1.08
Mg to ~12% at 0.22 M. This trend is consistent with that observed in the solar
neighborhood and the Galactic field, suggesting that binaries in clusters and in
the field share similar properties, in contrast with some earlier results.

The mass function of NGC 2158 is best described by three regimes: high-
mass stars (o = —2.27), low-mass stars (« = —1.24), and very low-mass stars
( = 0.03). The change in slope at log(M /M) ~ —0.05 separating the high
and low mass regimes is in agreement with Cordoni et al. [2023], but there is a
deficit of stars in the very low mass range. This study presents the first combined
analysis of the binary fraction and mass function across such an extended mass
range in this cluster, providing new insights into the binary population and very
low-mass stars in open clusters.
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Introduction

1.1 STELLAR CLUSTERS

Star clusters are large groups of stars that are gravitationally bound together.
Traditionally, stellar clusters were considered examples of simple stellar popula-
tions, meaning that the cluster stars formed at the same time with the same
chemical composition [Renzini and Buzzoni, 1986]. For a time, it was thought
that clusters might consist entirely of single stars, and that any binaries in a
cluster formed dynamically through capture. As it became clear this was not the
case, the study of binaries and calculation of their fraction of the population has
become increasingly important [Hut et al., 1992].

Because stellar clusters are distinct, dynamically bound groups of stars, they
are a perfect environment to use when studying stellar evolutionary sequences.
Cluster color magnitude diagrams show distinct features that can be used to
find the age of the cluster, such as the white dwarf cooling sequence or main
sequence turn off point. Other features, like the red giant branch bump, can
be indicators of the amount of reddening affecting the photometry of a cluster.
Spectroscopic analysis can be used to find the metallicity of stars in a cluster.
However, metallicity also has a strong effect on the color magnitude diagram,
shifting stars to the right and lowering the inclination of the red giant branch as

metallicity increases. A cluster with a more metal rich population of stars will



be redder and fainter than a metal poor cluster. The oldest clusters are used in
Galactic archaeology to study the early universe, particularly those in the halo
of the Milky Way. They are part of the search for extremely metal poor stars,
which are considered the most likely candidates for the first stars that formed in
the universe [Frebel and Norris, 2015].

Star clusters are sorted into two types: globular clusters and open clusters.
Globular clusters are often very old, and are among the oldest objects in the
universe for which we can get a reliable age determination. They typically con-
tain millions of stars. Open clusters are typically much younger, and contain
up to several thousand stars. Since they are more loosely gravitationally bound,
they eventually dissociate on a faster timescale than globular clusters [Seeds and
Backman, 2016]. This work focuses on NGC 2158, an open cluster that is approx-
imately 1.9 billion years old.

1.2 BINARY SYSTEMS

Binary stars are a crucial element of any stellar population. A large fraction
of stars are in binary systems: in particular, Cordoni et al. [2023] found that
among 78 Galactic open clusters, the binary fraction was between ~ 15% and
over 60%. In the solar neighborhood alone, more than half of all stars are in
binary systems [Duquennoy and Mayor, 1991]. Binaries, therefore, must have an
important effect on the dynamical history and evolution of clusters, as well as
star formation and stellar evolution in a population of stars. With such a high
percentage of a cluster’s stars in binaries, this phenomenon must be accounted
for in terms of affecting the total number of stars in order to properly determine
the mass and luminosity functions [Cordoni et al., 2023].

The evolution of binary systems can eventually lead to the creation of exotic
objects, that can even remain in binary systems. The outcome changes depending
on the physical properties of each system: for example, cataclysmic variables are
close binary systems that consist of a white dwarf that is accreting matter from a
cool, low mass secondary star. The accretion disk creates UV and X-ray emission,
and bright outbursts called novae can occur when accretion on the white dwarf
creates a thermonuclear reaction. Blue straggler stars form from the merging of

the two stars in a binary system. These can form through mass transfer over



time, when one star becomes a red giant and fills its Roche lobe, and the other
star begins stripping material from the red giant’s envelope. They can also form
through the collision of the two stars. Blue stragglers appear brighter and bluer
than stars at the main sequence turn off. The different formation routes mean
that the chemical compositions of the resulting stars can differ, which may lead to
the creation of two distinct sequences on the CMD. Other objects, such as X-ray

binaries, are "normal” stars with neutron star companions [Milone et al., 2012].

Binaries are very relevant to the study of cluster dynamics, as well. The de-
velopment of N-body problems that model cluster dynamical evolution began
with the single stars assumption, in part because this is quite an efficient model-
ing method (e.g., Larson [1970]), and part because this was the understanding of
cluster composition at the time. However, binaries and their comparatively larger
cross sections of interaction with other stars in the cluster [Mohandasan et al.,
2024] take a large role in the ejection of stars from clusters, and generally in the
disruption of the system and distribution of kinetic energy among cluster mem-
bers [Heggie, 1975]. The denser cluster centers that form over time as lower mass
stars are scattered outwards and higher mass stars fall inwards tend to produce
exotic objects, as mentioned previously (Mohandasan et al. [2024] and references

therein).

Many methods have been developed over the years to detect binary stars and
distinguish them from normal stars. The first binary stars were detected after
careful observation of double stars revealed after 25 years that some of them were
orbiting each other [Herschel, 1803]. Double stars are those that appear very close
to each other visually in the sky. We now call these visual binaries, since they can
be resolved either by eye or with other methods. Due to the astronomical distance
scale of stellar clusters, this method is not suitable for the purposes of binary
identification. Other methods include spectroscopic identification, which studies
the spectra of stars to look for radial velocity variation indicating the orbit of a
second star, and photometric variability, which looks for changes in emitted light
from a star caused by a fainter star - brighter star pair. Although these methods
can be used to identify individual binary systems and their characteristics, their
biases and limitations prevent them from being useful for this work. Both are
limited to short period binaries, for example. For these reasons, this work uses a

photometric method.
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Figure 1.1: Model MS-MS binary sequences with different mass ratios for NGC 2298. The dashed-dotted line is
the main sequence ridge line while, continuous black lines indicate the sequences of constant q and blue lines
mark sequences of constant m ;. Figure and caption adapted from Milone et al. [2012].

Stellar clusters are crowded environments, and binaries in clusters are neces-
sarily too close to each other to be resolved individually. The light from the two
stars blend together into a single source that is comparatively redder than single
stars from the main sequence [Cordoni et al., 2023]. The magnitude (my;,) of this

source can be calculated as:

Mpin = M1 — 2.510g (1 + ﬁ), (1.1)
Fy
where m, and ms are individual stellar magnitudes, and F; and F5 are the stellar
fluxes [Milone et al., 2012].
The resulting my;, is brighter than the main sequence, with its luminosity
dependent on the mass ratio ¢ = M;/M,, where M; and M, are the masses

of the two binary stars. This creates a binary sequence to the red side of the
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main sequence fiducial line, that can be analyzed to find the fraction of binaries
in a stellar population. As an example, Figure 1.1 from Milone et al. [2012]
demonstrates the relation between m, and g on a CMD of NGC 2298, showing how
the position of my;,, changes as q changes for different values of M;. While binaries
with a large mass ratio move relatively far from the main sequence, binaries with
a mass ratio smaller than ¢ = 0.5 are difficult to detect. They do not move very
far from the main sequence, and therefore are indistinguishable from the main
sequence itself using this analytical method.

Photometry is a very powerful tool for identifying binaries in open and globular
clusters, and for constraining their mass, mass-ratio, and radial distributions. It
has been used to analyze the binary fraction in Hubble Space Telescope (HST)
imaging for roughly one hundred Galactic and Magellanic Cloud clusters (e.g.,
Sollima et al. [2007], Milone et al. [2012], Mohandasan et al. [2024]), though
typically only within cluster cores and for stars more massive than ~0.5 solar
masses (Mg). Gaia releases have expanded binary studies in open clusters for
the brightest, most massive members. This method requires observations in only
two filters, used to create the CMD. Additionally, there is no reliance on any
system properties in the way period or inclination would affect the spectroscopic
or variability methods. The only limitation on system properties is the mass
ratio, whereby stars with a very low mass ratio are not distinguishable from
single stars under this method. Perhaps most importantly, thousands of stars

can be investigated simultaneously using the CMD [Cordoni et al., 2023].






Data Reduction

This section describes the method I used to refine the raw data from HST into
a photometric catalog that can be used to create a CMD. It also discusses the
instrumentation from HST, and the dataset and filters used.

All codes used in the reduction of data that are cited by name (e.g. img2psf)
are one of the FORTRAN programs developed by Anderson et al. [2008] and their
newer version KS2 (see Milone et al. [2023]), or an adapted version of one of these.

This also applies to Section 3.

2.1 INSTRUMENTATION

This work uses photometric data from HST, which is a joint program between
NASA and ESA. The HST is a space-based telescope that observes from ultra-
violet to infrared wavelengths. The primary mirror is 2.4m in diameter. It was
launched into low-Earth orbit in 1990, and serviced several times by astronauts
to repair or replace instruments. Since HST is located above Earth’s atmosphere,
it does not experience problems with seeing due to atmospheric interference or
weather conditions. It is able to observe in the ultraviolet part of the spectrum
since there is no atmosphere to block these wavelengths. There is also less interfer-
ence from the Earth’s variable temperature conditions, and other noise sources,
in the infrared [HST - About]. This allows high-resolution imaging, which is
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Figure 2.1: HST observation field of view plotted over an image of NGC 2158 (MAST Portal).

required when studying crowded fields like stellar clusters.

Currently aboard the HST are three cameras, two spectrographs, and guidance
sensors. For this work, I used data taken by the Advanced Camera for Surveys
(ACS), installed in 2002. The ACS has three different channels: wide field, high
resolution, and and ultraviolet. This work used the Wide Field Channel (together,
ACS/WFC). The WFC is capable of imaging in the visible to near-infrared [Stark,
D. V., et al.]. This dataset used the filters F606W and F814W, in the wavelength

ranges of 462nm to 718nm and 687nm to 963nm respectively.

2.2 DATASET

The data was taken in 2005 and 2006 in the F606W and F814W filters, as de-
scribed in Tables 2.1 and 2.2. This dataset is from observations for HST Proposal
10500, with principal investigator L. Bedin. The fields of view of the two epochs
of observation can be seen overlaid on an image of NGC 2158 in Figure 2.1, from
AstroView in the MAST Portal.

Included in the dataset are two types of fits files that I used: *flc.fits and
*dre.fits. Each has had different processing applied to it during the ACS cali-

bration pipeline. The files with names ending in drc are drizzled images that

lhttps://mast.stsci.edu/portal/Mashup/Clients/Mast/Portal.html
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F606W: 2005 ‘ F606W: 2006
Filename Date Obs. Exp. Time | Filename Date Obs. Exp. Time
j9cx01cfq 24/10/05 1145 j9cx020tq 09/11/06 0
j9cx01clq 24/10/05 1150 j9cx020uq 09/11/06 1145
j9cx0lerq 24/10/05 1150 j9cx020zq 09/11/06 20
j9cx01cwq 24/10/05 20 j9cx02p0q 09/11/06 1150
j9ex01cexq 24/10/05 1150 j9cx02pbq 09/11/06 20
j9ex01d2q 25/10/05 20 j9cx02p6q 09/11/06 1150
j9cx01d3q 25/10/05 1150 j9ex02pcq 09/11/06 1150
j9cx02piq 09/11/06 1150

Table 2.1: File name, date of exposure, and exposure time in seconds for observations in the filter F606W. Left
three columns display the 2005 epoch, right three columns display 2006 epoch.

F814W: 2005 ‘ F814W: 2006

Filename Date Obs. Exp. Time | Filename Date Obs. Exp. Time
j9cx01ceq 24/10/05 0 j9cx020wq 09/11/06 1130
j9cx01chq 24/10/05 1130 j9cx02p2q 09/11/06 1150
j9cx01ckq 24/10/05 20 j9cx02p8q 09/11/06 1150
j9cx01eng 24/10/05 1150 j9cx02pbq 09/11/06 20
j9cx01cqq 24/10/05 20 j9cx02peq 09/11/06 1150
j9cx01ctq 24/10/05 1150 j9cx02phq 09/11/06 20
j9cx01czq 24/10/05 1150 j9cx02pkq 10/11/06 1150
j9cx01d5q 24/10/05 1150

Table 2.2: As Table 2.1, but for the F814W filter.

have been calibrated, geometrically corrected, and CTE corrected. Drizzling is a
method of linear combination of images. Files with names ending in flc have been
fully calibrated through the ACS calibration pipeline including CTE correction,
but are otherwise the original images and may still contain errors like oversatu-
rated pixels due to cosmic rays. CTE is charge transfer efficiency, a measure of
how efficiently a CCD transfers charge between pixels during the readout process.
Due to the aging of the instruments, and the harsh space environment, the CTE

will become worse over time.



2.3 FINDING THE POINT SPREAD FUNCTION

To create a catalog of stars, we need to know the position and magnitude of each
star in the observations. To find this, I first created an effective point spread
function (PSF) that made a model of all the stars in an image. A PSF represents
how the light from an object is imaged by a detector. Because every detector is
slightly different, and even different parts of a detector will image more effectively
than other parts, the PSF is specific to the instrument and the filter used. To
make a PSF for the CCD, we need to know the position and flux of each star, but
to find the position and flux of each star we need a PSF. This creates a degen-
eracy. To work around this, we start the process for each image using a generic
PSF that is based on the known properties of the detector (the ACS/WFC) and
the filter (F606W or F814W). An individual PSF is created from each image.
The first step uses a version of the FORTRAN program img2psf adapted for the
ACS/WEFC instrument. The first run of this code should only include bright and
well-isolated stars, so that the PSF model can find as accurate a star shape as

possible. It allows adjustment of the following parameters:

o HMIN: dominance of peak (minimum number of pixels between sources)
o FMIN: min peak excess (minimum value that counts as stellar flux)
o PMAX: max pix included (maximum value that counts as stellar flux)

e QMAX: max badness included (q is the quality fit, QMAX is maximum ¢
value)

e NSIDE: (number of regions an image should be divided into e.g. 1x1, 2x2,
up to 5x5)

o PSFFILE: (first run uses archive file for the corresponding filter for the im-
age)

The final input for the program is the image upon which the PSF is being
calculated. I used HMIN = 13, FMIN = 5000, PMAX = 54000, QMAX =0.3, and
NSIDE = 2. The PMAX value is just below the pixel saturation value of 60,000.
The program iterates through a fitting procedure to create the final PSF. The first
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Figure 2.2: The PSF model created for an image in F606W in 2005 using img2ps£.

iteration uses the archive PSF based on general properties, and each additional
iteration uses the model from the previous iteration in order to improve the result.
The program creates a grid of PSF models across the entire image so that it can
correct for error factors from different areas of the CCD itself depending on the
location of the star being measured (Figure 2.2).

This code outputs the generated PSF model, and a .xym file, listing information
on all the bright stars in the image such as position and magnitude.

The next step is running img2xym, customized for ACS/WFC. The inputs are
nearly the same as the previous one, excluding QMAX and NSIDE. I used HMIN
= 3, FMIN = 100, and PMAX = 10e9. At this point, since we are not excluding
oversaturated pixels, PMAX is set much larger than the saturation value to ensure
everything is collected. FMIN is set much lower than the value in the previous
step (100, as opposed to 5000) in order to collect faint signals, but not so low as
to misidentify noise pixels as sources. HMIN is also lower, because the goal is no
longer to collect only well-isolated stars, but all sources in the image.

The input PSF file for each image should be the corresponding one generated

11



by img2psf in the previous step. This will also output a .xym file, but a much
larger one as it includes both bright well isolated stars, and fainter or less well

measured sources.

2.4 QuaLiTty FIT

The .xym files are catalogs of all stars and star-like objects in which x and y are
position in the reference frame of the image, m is the magnitude in instrumental
units (photon count), and ¢ is the quality fit. Quality fit describes how well the
PSF fits a star, with 0 corresponding to a star perfectly measured by the PSF.
The closer to 1, the worse the fit. The value ¢ is defined as

. 2 2
\/Z” plmeSFm

qfit = (2.1)

in Milone et al. [2023]. When creating a stellar catalog it is important to exclude
light sources that are not stars, because we are only interested in potential cluster
members. Additionally, when matching all the images into a common reference
frame, the transformation needs to be as accurate as possible. Any outliers or
unrelated objects need to be removed as they could create an incorrect match. I
do this by creating a plot of quality fit over magnitude, as shown in Figure 2.3.

Outliers were selected and removed semi-manually. As Figure 2.3 shows, the
bright stars all have ¢ relatively close to zero. The ¢ value increases for well-
measured stars as magnitude decreases. Eventually, lower than a certain mag-
nitude value, the PSF model poorly fits faint stars and their ¢ values become
large. Anything fainter than -6.5 magnitudes was accepted automatically, as
their measurements will be refined later on in the process. Anything above -13.5
magnitudes is also automatically accepted.

Separate from the coherent spread of well-fit stars is a crowded, typically some-
what oval-shaped region of outliers that could be galaxies, cosmic rays, artifacts,
etc. To remove those, I split the remaining sources into bins of 0.5 magnitude
from -13.5 to -6.5 (for F814W), found the median value for each bin, and re-
jected anything greater than 20 from the median. For F606W, the process is the

same, except everything fainter than -7 magnitudes is accepted automatically,

12



10 F All points . spem®s ® © -
Selected points
8 - _
-
6 - _
=
= B
= .
=
c
4 - .
2 - .
0 - . . - o ser  cwmmme Sw e —

—18 —16 —14 —12 —10 -8 —6 —4
Magnitude

Figure 2.3: Quality fit over magnitude. The blue points are all the points in the .xym file, and the black points
are those selected for the next step of data analysis. This file is j9cx01ckq in the F814W filter.
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and specifically the range from -8 to -7 is split into bins of 0.25 instead of 0.5
magnitudes. This choice was made because the slope of increasing ¢ with decreas-
ing magnitude was different than F814W, and it required smaller bins to properly
select stars to keep. It is important to remove as many outliers and bad sources
as possible. However, if there are some remaining outliers that do not show up in
every single image, they will be lost during the coordinate transformation process
as they will have no matches. This process is done for every image in each filter,

and as an output produces the .xyms file.
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Photometry

The stars in each file have been selected and measured, but their coordinates
are in the reference frame of the image itself. Those coordinates may be offset
from each other, even between two images from the same filter and epoch. For
this reason, the files must be carefully merged before creating a final catalog.
Then, the coordinates need to be transformed into the GAIA reference frame,
and the magnitudes have to be properly calibrated into the Vega mag system by
accounting for variations in measurement from exposure time dependencies, data
loss due to aperture and pixel size, and the zeropoint corrections for the specific
dates of observation.

Once the photometry is calibrated, it is corrected for systematic errors created

by differential reddening.

3.1 IDENTIFYING MATCHES

The . xyms files now need to be merged into catalogs. The first step uses xym2mat.
This program requires an input file (IN.xym2mat) that describes information
about and provides instructions for each image it needs to analyze.

Each line in IN.xym2mat gives a file number, file name, camera number, filter
number, and magnitude range to analyze. The abbreviations for camera and filter

number are specified within the program: c¢5 is the camera number for ACS/WFC,
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4 is for F606W, and {5 is F814W. The first run includes all saturated stars, as this
allows the program to identify matches more easily. The minimum magnitude is

-11 (-9 for short exposures) and the maximum is -99. For example:

00 filename.xym ¢5 f4 "m -99,-11"
01 filename.xym ¢ f4 "m -99,-11"

02 filename.xym ¢ f4 "m -99,-11"

The "master frame” is the reference frame to which all other images from that
filter and epoch will be matched. It is specified in the input file as file 00, and it
should be the longest exposure. The numbering continues as 01, 02, etc. Later
in the list, the master frame should appear again, numbered sequentially this
time. The xym2mat program is executed in a folder containing IN.xym2mat and
all the images. It takes one number as an argument that specifies the allowable
difference between a star in the master frame and a star in another file to confirm
a match (I used 15).

The master frame is compared to each image sequentially in a process called
cross identification. Stars are sorted in terms of luminosity. The program begins
from the brightest stars, identifying triangles in the images and searching for the
same triangles in the master frame. A six parameter linear transformation is
performed to translate each image into the coordinates of the master frame. This
process creates files (called MAT files) corresponding to each image matched to
the master frame. These files show the residual differences after the transforma-
tion. These residuals should be small and form a circle close to (0,0), as seen in
Figure 3.1. The residuals between the master frame and itself are a point at zero.

Because the first run included saturated stars, the transformations are not
of the highest quality. The xym2mat program needs to run again to refine the
transformations it made the first time. The program automatically detects the
presence of any existing MAT files in the folder, and uses them as a starting
point when it is run any additional times. The second run is with saturated stars
excluded, allowing the program to run faster and with better accuracy. New MAT
files are generated each time, overwriting the old files. The maximum magnitude
in this second iteration is -13.5, and the minimum magnitude is -10 (-8 for the

long exposure).
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Figure 3.1: Four plots showing residuals from the cross identification process (F606W, 2005). The residuals form
a small circle around the origin, indicating low error in the transformation.

00 filename.xym c¢5 f4 "m -13.5,-10”
01 filename.xym ¢5 f4 "m -13.5,-10”

02 filename.xym c¢5 f4 "m -13.5,-10”

The final step to merge these files is running xym2bar. It averages the magni-
tudes of a star from different exposures to produce a final catalog. The program
is executed in a folder containing the images that need to be combined, and an
input file called IN.xym2bar which has a similar format to IN.xym2mat. In the
long exposure images, I exclude stars that are saturated, and in the short expo-
sures, [ only include stars that would have been saturated in the long exposure.
This made the magnitude range for long exposures from -13.5 to -4, and for short
exposures from -99 to -9. In the long exposure, saturated stars have a magnitude
of -13.5 Since we only want (long exposure) saturated stars to be measured in the
short exposure image, we take the zeropoint difference between the master frame

and a short exposure image and add that to -13.5, which gives -9.1 (use -9 to be
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Figure 3.2: Stellar catalogs plotted in instrumental magnitudes to ensure the files were merged correctly.

conservative). The zeropoint difference can be found in TRANS.xym2mat, another
output of xym2mat.

01 filename.xym cb 5 "m-13.5,-4”
02 filename.xym ¢5 {5 "m-13.5,-4”
03 filename.xym cb5 5 "m-99,-9.0”

xym2bar takes as an argument the minimum number of files in which a star
must be detected for inclusion in the final catalog (I used 2). The output file,
MATCHUP.XYMEEE, contains many values, including positions in z and y, and mag-
nitude.

To check that the MATCHUP.XYMEEE files have correctly translated all points
into a common reference frame, I plot the corresponding files for F606W 2005,
F606W 2006, F814W 2005, and F814W 2006. There do not appear to be any
random outliers, which suggests a good match, and we can compare Figures 2.1
and 3.2 to see that the two epochs appear to be oriented properly in relation to

each other.
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3.2 GAIA COORDINATES

The images have all been merged into single reference frames, but the coordinate
system is arbitrary and based on the instrumental coordinates of the CCD. The
coordinate system needs to be translated into right ascension and declination. To
do so, I match the MATCHUP.XYMEEE file from F814W (2006) to GAIA.XY, which
contains coordinates and magnitudes obtained from GAIA Data Release 3 [Prusti
et al., 2016, Vallenari et al., 2023] for the same field. Using xymlimat, I link
GAIA.XY to MATCHUP.XYMEEE. This is done in two parts: first using a magnitude
range limited to only the brightest stars, and then a second run for all stars.
Doing this process in two iterations allows the program to use the initial match
from the limited range to process the second, more in depth iteration faster. This
program generates a file linking all the stars from the GAIA catalog to matching
stars in the F814W catalog, with position and magnitude in GAIA magnitudes
and F814W magnitudes.

To obtain a file with a final catalog, I repeat the process from Section 3.1 to
transform the F814W (2006) images into one catalog, and transform that catalog
into the reference frame of the new file linked to GAIA. A master frame was
generated from the linked file and used in IN.xym2mat, and the old MAT files were
moved to a different directory so that they could not be used as a reference by the
program. Finally, the IN.xym2bar program creates the final catalog. For the other
2006 epoch, this process is repeated using the final catalog from F814W (2006).
For the 2005 epoch, since I already have the magnitude calibration completed in

each filter, I only need to do the reference calibration (process from Section 3.1).

3.3 PHOTOMETRIC CALIBRATION

At this point, the magnitudes of stars in the catalogs are in terms of instrumen-
tal magnitude. They need to be converted into a common magnitude reference
system, so that the results can be compared to the literature. There are three ele-
ments to account for in order to correct the magnitudes: exposure time, aperture
size, and zeropoint. The zeropoint is a value that is specific to an instrument:
it corresponds to the magnitude that registers one count per second. This value

is calculated and provided by the Space Telescope Science Institute (StSci) on
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Figure 3.3: The median values correspond to the photometric zeropoint of an image with the standard exposure
time.

specific dates for each instrument and filter.

1.) Exposure Time

The instrumental magnitude of each star in each image depends heavily on
the exposure time. The effects of detector efficiency and pixel size are also taken
into account in this step. To do this, we analyze the *drc.fits files mentioned
in Section 2.2. These images are drizzled, which means they are stacked from
all the exposures in each given year and filter, with all cosmic rays, artifacts,
etc. removed. Although some information is lost because the pixels are stacked
together, this is taken into account because the drc image is properly normalized
to one second exposure time. That means that the photometric zeropoint of this
image corresponds to the zeropoint of an image with standard exposure time.
This value is used to remove the dependence on exposure time from the master
frame.

To find the values to use for this dataset, I perform aperture photometry on
the *drc.fits image. I use the program drz_phot_gfortran.e, which takes 4

arguments + the name of the *drc.fits file:

« minimum distance between two stars to be measured (10)

o minimum flux to be considered a star (0.1)
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« maximum flux to be considered a star (9999)

« a phrase with specifications for aperture photometry (10 (radius of aper-
ture), 14) inner radius), 20 (outer radius))

e filename drc.fits

Next, I compare this photometry to the catalogs created in Section 3.2. The
first step matches the .xym output from this process to those catalogs (procedure
in Section 3.1, now referred to as PSF magnitudes). Then I make a plot of PSF
magnitudes minus aperture magnitudes as a function of PSF magnitudes. After
removing saturated stars, those which are clearly too faint, and any outliers,
that which remains will form a vertical column corresponding to the photometric
zeropoint difference. I take this value as the median value of the column (see
Figure 3.3). The PSF photometry differs from the aperture photometry by this
amount on average, due to exposure time, detector efficiency, and pixel-level
effects. It will be added to the magnitude to find the calibrated magnitude values.

2.) Aperture Size

The light from each star is not confined to a perfectly sized area to measure. In
fact, due to the diffraction of light when it is measured by the CCD, some of the
light from the star is always lost because the full Airy disk cannot be measured.
To account for this, StSci provides Encircled Energy (FE) Tables' [Bohlin, 2016]
with calculated values for ACS/WFC in each filter for different pixel radii (I used
10px). These values are 0.914 for F814W and 0.916 for F606W and are added to
the final value as —2.5log(EE).

3.) Zeropoint

ACS/WFC VEGAmag F606W 2006-11-09: 26.400
ACS/WFC VEGAmag F814W 2006-11-09: 25.500

Finally, I add values from the ACS Zeropoints calculator from StSci? for the
dates on which the observations were made, to convert the magnitudes into the
VEGAmag system.

https://www.stsci.edu/hst/instrumentation/acs/data-analysis/
aperture-corrections
’https://acszeropoints.stsci.edu/
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F814W : 7.685 4+ 25.5 — 2.510g(0.914) = 33.2826

F606W : 7.696 + 26.4 — 2.510g(0.916) = 34.1913

After these corrections are applied to the magnitude, I can create an initial CMD.

3.4 DIFFERENTIAL REDDENING CORRECTION

Light coming from distant stars is scattered by dust that exists in the interstellar
medium between the stars and Earth. Light at higher wavelengths is scattered
more efficiently than at lower wavelengths. This causes light received from areas
with significant amounts of dust in front of them to appear much redder than
they actually are. This effect, reddening, needs to be corrected for in order to
find accurate magnitude measurements.

The absorption Ay, = m, — myg is the difference between the observed and
intrinsic magnitude of a star, and it quantifies the amount of reddening at a
specific wavelength. To compare the absorption at two different wavelengths, we

calculate the color excess:
E(B=V)=(B—=V)ps—(B—=V) (3.1)

This is traditionally done using the B and V bands of the UVBRI (Johnson-Kron-

Cousins) system. It can be related to the absorption as follows:
Ay =kEB-YV). (3.2)

To find the final corrected magnitude of the star, I take the magnitude calculated
in Section 3.3 and subtract A,. Different values of k\ are used for different filters,
and those specific to HST filters can be found online. I used kpgogny = 2.8782 and
kpgiaw = 1.8420.

When correcting for reddening, it is important to consider that it may not be
the same in all directions, even from one side of a cluster to another. This is called
differential reddening. Differential reddening can be calculated directionally and

applied as a correction to stars individually, allowing for more accurate pho-
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Figure 3.4: Differential reddening across NGC 2158.
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tometry. The process for calculating reddening for different parts of the cluster
involves an iterative method. Reference stars are selected such that the redden-
ing direction is at a wide angle with respect to the fiducial line. This makes it
easier to separate photometric effects from change in color and magnitude due to

differential reddening. The reddening direction for each reference star is derived

as an angle # = arctan AXA_X > in which Ax and Ay are absorption coefficients
in the two bands used for the CMD. These values are found using the isochrone.
The corresponding point is found on an isochrone for which E(B —V') = 0. Then,
the CMD and fiducial line are translated into a new reference frame by an angle
6 such that the reddening direction is vertical. The distance of the reference stars
from the fiducial line are found along the reddening direction, and this is used to
quantify the amount of reddening in different areas. When finding the differen-
tial reddening for each star, a sample of N nearby stars is selected. The median
AE(B—YV) value of these stars is taken as the best determination for the selected
star.

Functionally, this correction is applied to magnitude values as a unique E(B —
V') value for each star, using equation 3.2. Figure 3.4 shows differential redden-
ing across NGC 2158. The code for this differential reddening visualization was
provided courtesy of M.V. Legnardi. The field of view is split into 8 horizontal
and vertical strips to show variations as a function of the horizontal and vertical
axes. Darker gray indicates a higher amount of reddening in that area.

Figure 3.5 is a portion of the CMD of NGC 2158, showing the corrected points
in black on top of the reddened points in red, showing a tighter main sequence

and binary sequence and an overall improvement in photometry.

3.5 SECOND PASS PHOTOMETRY

The second step of photometry, which calculates among other things the differ-
ential reddening values (3.4), is calculated using the KS2 program. The first pass
of photometry described previously is best-suited for the brighter stars, and this
pass refines values for fainter stars. A feature of this program is that it operates
iteratively on the images, by first measuring the brightest stars and then sub-
tracting them. This process is repeated and measures fainter and fainter stars to

eventually derive magnitudes and positions for all sources. The first pass acts as
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Figure 3.5: Differential reddening correction, shown on a portion of the NGC 2158 CMD. Red points are red-
dened, black points are corrected.
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a starting point, allowing this pass to be as accurate as possible.

The program uses three different methods so that ultimately all stars are well
measured. The first method for bright stars uses the PSF model from the first
pass. The second method targets fainter stars that were not well measured by the
PSF (see Fig. 2.3), performing aperture photometry. The third method is used for
very crowded regions. It can also be used for faint stars that are visible in many
exposures. This method uses a slightly altered aperture photometry method from
the previous, with a smaller inner radius and an annulus further from the star.
It was not used, as this cluster is not a particularly crowded region and so the
results are worse with this method. As in the first pass, the position and flux
determinations are merged together to find a final catalog, and calibrated.

As part of this pass, an artificial star test is performed. It individually simu-
lates a number of single stars much greater than the observed number of stars
in the cluster, and measures them using the same data reduction process to have
comparable values. These stars should replicate the same characteristics of real
stars. The artificial stars are generated with a flat luminosity function and in-
serted into an image. If, after the reduction process, the measurement of the
simulated star finds that the position is within 0.5 pixels and the flux differs by
less than 0.75 mag, it is considered "found.” Since these are all single stars, this
analysis lets us estimate how many of the measured binaries in a cluster are not
binaries, but in fact chance superpositions of single stars (see Section 4.2).

Also important to the analysis is the completeness. Completeness is a measure
of how many stars "exist” vs. how many of the existing stars are "found.” First,
the field is split into concentric rings centered on the center of the cluster, and the
stars within each ring split into magnitude bins. By finding the ratio of "found”
to "existing” stars in each bin, we can find the average completeness and use this
to estimate the completeness for every star in the cluster [Milone et al., 2009].
As a rule, portions of the CMD with low completeness (generally, below 50%.
see Figure 3.6) are considered unreliable and typically excluded from the main

analysis.
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Results and Discussion

With the photometric corrections applied, I can proceed with the data analysis.
I choose an isochrone and create a fiducial line, both of which are used in the
calculation of the binary fraction. The binary fraction is compared at ¢ = 0.6 to
the open clusters in Cordoni et al. [2023] and the Small Magellanic Cloud (SMC)
field. I then find the luminosity function and mass function, after accounting for
completeness. The a values for the mass function, as well as the stellar mass

region explored, are compared to other mass functions.

4.1 COLOR-MAGNITUDE DIAGRAM

The first result after creating a stellar catalog is the CMD, shown in Figure 4.1.
This CMD of NGC 2158 is plotted as mF'814W against m F606WW —m F'814W , and
extends from above the main sequence turn off down to masses of approximately
0.1My. To the left of the main sequence turn off, there appear to be multiple
blue straggler stars. This CMD shows a clear binary sequence parallel to the
main sequence.

Isochrones are curves of stars that have the same age, chemical composition,
and distance. To fit the isochrone, I consulted previous results from the literature
before selecting by hand the best fit. A high resolution spectroscopic analysis of
NGC 2158 by Jacobson et al. [2009] determined the metallicity at [Fe/H] =-0.03 £
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Figure 4.2: Left: isochrone of NGC 2158: [Fe/H] = -0.03, 1.9 Gyr. Right: fiducial line for NGC 2158.

0.14. The age is accepted as between ~ 1.8 to ~ 2 Gyr [Sariya et al., 2021, Bedin
et al., 2009, Carraro et al., 2002]. Additionally, T used the distance of 4770pc, as
given in the Kharchenko, N. V. et al. [2013] catalog. The E(B-V) value of 0.4373
is from the Infrared Science Archive [IRSA, 2022]! and in agreement with Carraro
et al. [2002], and was used in the initial fitting of the isochrone. Once differential
reddening was calculated for the stars in the cluster, the corrections were applied
individually as described in Section 3.4.

Considering these values, I found the best fit isochrone to be [Fe/H|] = -0.03,
with an age of 1.9 Gyr, which is plotted over the CMD in the left panel of Figure
4.2. The isochrone is from the Dartmouth Stellar Evolution Database [Dotter
et al., 2008]%.

To create the fiducial line, that represents the cluster’s main sequence, I divided

https://irsa.ipac.caltech.edu/applications/DUST/
2http://stellar.dartmouth.edu/~models/
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the CMD into bins and found the median color and average magnitude for each
bin. I used a boxcar binning method, in which I took bins of 0.5 magnitude, found
the median color and average magnitude of stars in the bin, and then shifted the
bin down by 0.1 magnitude. I repeated the process until I sampled the entire main
sequence. In this way, while there are more points and they are not completely
independent of each other, the fiducial line better samples the PSF variation. For
magnitudes above the main sequence turn off, I selected points by hand in order
to have a complete fiducial line, because the data above the turn off point is not
being used in this analysis and has higher error. The fiducial line is plotted over
the CMD in the right panel of Figure 4.2.

4.2 BINARY FRACTION

I calculated the binary fraction for the main sequence of NGC 2158 from 17.5
magnitudes to 24.5 magnitudes (F814W), and then separately in bins of one
magnitude to see how the fraction varies with stellar mass. To do this, I used
a SuperMongo macro provided by Prof. Milone, which calculates the binary
fraction for a given magnitude range. As shown in Figure 4.3, it selects a portion
of the main sequence between the two blue lines that corresponds to the given
magnitude range. The blue lines are curved to account for the way the light from a
binary system of a certain mass ratio blends and changes the observed magnitude
(Figure 1.1). Region A (top left) consists of all the stars in the selected magnitude
range, and Region B (top right) is the region containing binary stars at or above
the selected mass ratio, ¢, unrelated to the ¢ value for quality fit from the data
reduction process. Stars in Region A but not B are shown in black, and those
in B are shown in red. The solid green line is the isochrone, which is important
to the binary fraction calculation, because it is used to associate a mass to each
star. The solid red line delineates the separation between main sequence stars
and binaries.

When calculating the binary fraction, it is important to account for potential
false binaries. Observational errors can push the value of a star’s magnitude into
the binary region, or a blend of two stars superimposed can create a fake binary.
We can estimate this contamination using an artificial star analysis. The artificial

stars are run through the same data reduction process as the observed stars,
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and then through the same binary fraction analysis, in order to find comparable
results. Two single stars may be at positions close enough to each other to blend
and simulate a binary, and one of the goals of this artificial star test is to find
how many false binaries are measured in a given region [Milone et al., 2012].

The two epochs of observation are too close to each other to provide a long
enough temporal baseline that can be used to completely separate field star con-
tamination. Therefore, we simulate the field using the TRILEGAL? program,
specifying the cluster coordinates and instrument (ACS/WFC). This program
simulates photometry of the Galactic field in a given region [Girardi et al., 2005].
By putting this data through the same binary fraction calculation, we can find
and remove the field contamination.

The binary fraction fp is described in equation 4.1.

« N4 and N® are the number of stars in regions A and B for each type of
star (observed (obs), artificial(AS), field)

» Normalization factor fom = Aacs/1 deg2 normalizes the field star region
to the correct size (Aacs is the area of the ACS/WFC instrument, which
is ~ 202 arcsec per side)

An example of this process can be seen in the bottom three panels of Figure
4.3, where for artificial and field stars we can see that some fall into the range
of binary detection despite not being binaries themselves. In this way we can

remove them accurately from our star counts.

fp = (NoBbs) B (Nﬁeld X fnorm) . Nfg (4 1)
(Ngbs) — (Nﬁem X fnorm) Nis

For a mass ratio ¢ = 0.5, the binary fraction for the full main sequence is fy;, =
0.19. I calculated the binary fraction for ¢ = 0.5, 0.6, 0.7 in bins of one magnitude
to examine how the fraction changes with respect to stellar mass (luminosity).
It is clear from Figure 4.4 that as the stellar mass decreases, the binary fraction
decreases. This is consistent through all three mass ratios investigated. Milone

et al. [2012] found that the binary fraction remains flat with decreasing stellar

3https://stev.oapd.inaf.it/cgi-bin/trilegal
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Figure 4.4: Binary fraction in bins of 1 magnitude for three mass ratios. As the stars become fainter and less
massive, the binary fraction decreases.

mass for most of the 59 globular clusters in that study. For most clusters in that
work, the main sequence is split into three bins of one magnitude, from 0.75 to
3.75 magnitudes in F814W below the main sequence turnoff. In this work, the
main sequence below the turn off point is split into seven bins of one magnitude,
from 17.5 to 24.5 magnitudes in F814W. It shows a clear decrease in the binary
fraction at very low masses. The ability to split NGC 2158 into seven bins of one
magnitude as opposed to three bins of one magnitude likely contributes as well.
Cordoni et al. [2023] also finds no decrease in binary fraction with stellar mass,
but the mass range is limited to around 0.4M depending on the cluster, which

is enough to reveal a difference.

In Figure 4.5 (a), the full main sequence binary fraction of NGC 2158 at ¢ = 0.6
(blue square) is compared to the open clusters studied in Cordoni et al. [2023]
(green x markers), and to the value of the field for the SMC from Legnardi et al.
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[2025]. (orange diamond). We can see that the value of the binary fraction is on
the higher and older end, but in the same range as other open clusters studied in
Cordoni et al. [2023]. The ages for the other open clusters are from Dias et al.
2021].

In (b), the gray dots represent binary fractions by stellar mass in the Galactic
field from Offner et al. [2023] and references therein, blue squares NGC 2158,
and the orange diamond is again the SMC field. The binary fraction in the
Galactic field decreases with stellar mass, which is also seen in the binary fraction
of NGC2158. This is interesting, because while this binary fraction trend has
been found in the Galactic field, previous studies that analyzed clusters found
no significant decrease in binary fraction with stellar mass. While it is possible
that the different environments of the Milky Way field vs. open/globular clusters
affect binary evolution, it is likely that this difference is due to the limited mass
range of previous studies (~ 0.4 — 0.5M). While the fractions in NGC 2158
are somewhat higher than the values for the field, they clearly show the same
downward trend. The formatted data for the open clusters, Galactic field, and
SMC field, along with the visualization for Figure 4.5, were provided courtesy of
M.V. Legnardi [Legnardi et al., 2025].

4.3 LUMINOSITY AND MASS FUNCTIONS

The luminosity and mass functions begin with the number of stars per magnitude
interval (Figure 4.6). As part of the artificial star analysis, we also find the
completeness, which relates the number of stars observed to the true (or complete)
number of stars in the cluster. As detailed further in Milone et al. [2009], a
completeness value is calculated for each star. For each magnitude interval, I
calculated the number of stars and corrected for completeness by multiplying the

number of stars by the completeness values,

Ninit

1
Ncomplete = § C_ (42)
1 i

36



X  OCs (Cordoni+23) ¢ SMC field B NGC 2158
0.3:-
. ¥ XX
0.2} .
© ' g x x X =
< X
%§ ' [ v R x”‘xix X ¢
0.1F X FRH X X
I X Y
X X X
0.0_‘ (a) -
70 75 80 85 90 95 100
log(Agelyr])
100F - - : :
s Jf '
<
1of it '
| &
| —
20¢ o _
| %j“ (b)
0 0.1 1 10
M, (M)

7
Figure 4.5: (a) NGC 2158 binary fraction in comparison to other open clusters, and the SMC field. (b) Galactic
field (gray dots), SMC field (orange diamond), and NGC 2158 (blue squares) binary fractions against stellar mass,
showing clear relation between stellar mass and binary fraction.



in which ¢; is the completeness for each respective star. This number is then

adjusted for the binary fraction.

Nfinal - Ncomplete + Ncomplete X fbin (43)

To find the value for the luminosity function, I divide N by the difference in

magnitude Am of the bin. The y axis is represented as the log of this value.

For the mass function, the process is similar. After finding Nyjna, I use the
isochrone to interpolate linearly the given magnitude and stellar mass values (all
in terms of M) in order to easily relate a given magnitude to a given mass. I
find AM, and calculate the value for the mass function by dividing Npipa/AM.
To represent the average stellar mass per bin in Figure 4.6, I take the average

magnitude of the stars in the bin and convert it to stellar mass.

The error calculation for each bin is represented through Poissonian counting

error corrected for the log representation of the y axis.

N ++N N
Fupper =108 | 70— ) ~los | K

Clower = log (%) g ( M) (4.4)

Am

This analysis of NGC 2158 explores the deepest mass range to date. From Fig-
ure 4.8 we can see that it has clear changes in slope at log(M /M) ~ —0.05 and —
0.3. To find «, the slope of the mass function, I fit each segment using a linear
regression method. The best fit slopes left to right are o =~ 2.27, a ~ —1.24,
and a = 0.03. This is plotted with other mass functions in Figure 4.9. The
change in slope around log(M/Mg) ~ —0.3 is consistent with expectations for
a Kroupa-like mass function. The change in slope at log(M /M) ~ —0.05 is in
agreement with the open clusters studied in Cordoni et al. [2023], which overall
show a change in a at approximately -0.05, or ~ 1M, not ~ 0.5M as would
be expected for a Kroupa mass function. The mass functions in Cordoni et al.
[2023] are split into a low-mass and high-mass range, splitting at ~ 1M. Since
this study extends the analysis of the mass function much further to ~ —0.85

(compared to -0.35), we can divide the mass function in Figure 4.8 into three
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regimes: high-mass, low-mass, and very-low-mass. The high-mass and low-mass
regime « values are comparable, at ~-2.27 and ~-1.24 in this work respectively,
and -2.08 £+ 0.12 and -1.18 £ 0.04 respectively in Cordoni et al. [2023]. Figure
4.9 shows the explored stellar mass range of NGC 2158 by mass function in com-
parison with others. The visualization and other data points in Figure 4.9 were
provided courtesy of M.V. Legnardi.
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Conclusion

In this work, I derived high precision photometry and proper motions on deep,
multi-epoch images of the intermediate age open cluster NGC 2158. This allowed
me to perform a detailed study of binary stars in this cluster as well as the
determination of the luminosity and mass functions to ~ 0.1M, a significantly
extended mass range.

The color magnitude diagram of NGC 2158 (Figure 4.1) is the most detailed
and deepest to date CMD of a massive, intermediate age open cluster. The age
of the cluster is approximately 1.9 Gyr, with a metallicity of [Fe/H]= —0.03. The
main sequence is clear down to ~ 0.1M, which is the first time this has been
calculated for an open cluster of this age. Previous studies, even with ACS/WFC
data, typically only extend to about ~ 0.4M (e.g Kalirai et al. [2013]). There
is a well separated binary sequence, allowing calculation of the binary fraction
for very faint stars. We can also see the white dwarf cooling sequence, some of
the stars above the main sequence turn off, and what appear to be some blue
straggler stars.

The binary fraction (Figure 4.4) of the full main sequence (17.5 to 24.5 magni-
tudes, F814W) is 0.19 for mass ratio ¢ = 0.5. Above 17.5 magnitudes the binary
sequence is less well separated and the main sequence turnoff point interferes in
the analysis. When separated into bins of one magnitude, the highest binary

fraction is in the range from 17.5 to 18.5: ~ 0.26 for ¢ = 0.5. The average stellar
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mass for that bin is 1.08 M. The bin with the lowest fraction is from 23.5 to
24.5 magnitudes: ~ 0.12 for ¢ = 0.5, with an average stellar mass in the bin
of 0.22M. The overall trend shows a decrease in the fraction of binaries from
higher to lower stellar masses. This reveals a new insight. Compared to other
open clusters (Figure 4.5 (a)), NGC 2158 falls within the same relative range in
terms of total fraction of binaries. It is notable that this binary fraction trend
is consistent with that found in the Galactic field (Figure 4.5 (b)). It is possible
that the Milky Way field and open and globular clusters and their differing en-
vironments have an effect on binary formation or evolution, but more likely that
the limited mass range of previous studies contributes to their findings of a flat

trend for binaries over mass range.

The luminosity function (Figure 4.7) and mass function (Figure 4.8) are cal-
culated by separating all stars into bins of one magnitude, from 15.5 to 25.5
magnitudes (Figure 4.6). The number of stars in each bin is carefully corrected
for completeness, which was calculated as in Milone et al. [2023] using KS2 and
an artificial star analysis. The choice of faintest magnitude for analysis was made
based on when the average completeness went below 50%. The average mass of
the stars in the brightest bin is 1.07M, and in the faintest bin is 0.14M,. The
stellar masses are linearly interpolated from the mass to magnitude relation from
the isochrone. The mass function resembles a Kroupa-like mass function. It can
be split into three regimes: high-mass, low-mass, and very-low-mass, with slopes
found via linear regression to be a = —2.27, a = —1.24, and a = —0.03 respec-
tively. This confirms the result of Cordoni et al. [2023] that the slope of the mass
function changes at ~ 1M, and does not show a change in slope at ~ 0.5M, as
might be expected from a Kroupa mass function. This work finds an additional

change in slope at even lower masses.

This research can be extended to the study of other open and globular clusters,
deep multi-epoch data of which already exists in the HST archives. For exam-
ple, photometry is already available for the open clusters NGC 6819, NGC 6791,
NGC 6705, and twelve globular clusters. This would be well suited for a study of
binaries at low masses, to further investigate how the binary fraction varies at low
stellar masses. Additionally, NIRCam data from JWST will be acquired in late
2025 and early 2026 through programs GO-8960 and GO-9012 (PI Milone), as

part of a survey targeting low-mass stars in globular clusters. Another potential
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analysis includes using Euclid data, which although shallower than HST or JWST
data, would enable the detection and characterization of binaries across the full
extent of each cluster (see e.g. Milone et al. [2025]). This would allow a study of

binaries in relation to radial distance from cluster center.
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