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Introduction

Motivation

Itis widely accepted that a large fraction of stars, at least in the Local Universe, form in
clustered environments within galactic discs, such as star clusters, stellar associations,
and moving groups (Lada & Ladal2003). The vast majority of these systems dissolve
into the general stellar population of their host galaxy within the first few tens of Myr
(Lada & Lada 2003} Bressert et al.[2010; [Portegies Zwart et al.[2010; Krumholz et al.
2019), making them fundamental building blocks of galactic stellar populations. Only
a small fraction of gravitationally bound star clusters survive for longer periods of
hundreds of Myr (Lamers|2009; [Whitmore|[2009). Studies of these long-lived sys-
tems are therefore essential for understanding the physical processes governing star
formation, as well as the formation and evolution of galactic structures, because star
clusters preserve information about the star-formation history of their host galaxies
over extended timescales.

Although it is natural to expect that the most detailed studies of clusters are pos-
sible in our Galaxy, the Milky Way (MW), such studies are limited to a relatively
small local volume of a few kpc (Kharchenko et al.|2013; [Hunt & Reffert|2024)). This
limitation arises because the Solar System is located within the Galactic disc, where
interstellar extinction severely obscures the view. Thus, studies of extragalactic star
clusters are crucial for gaining knowledge about cluster formation and evolution across
a broader range of environments and cluster parameters.

One of the most effective approaches for such studies is aperture photometry,
which enables the determination of star cluster physical and structural parameters
from measurements of integrated light. The method allows large samples of clusters
to be analysed efficiently, making it particularly valuable for studies of nearby galactic
discs. However, integrated photometry is susceptible to significant uncertainties and
biases (Bridzius et al.[|2008} [Fouesneau & Lancon|[2010; Beerman et al.[2012; /Anders
et al.|[2013; [de Meulenaer et al.|2017), primarily introduced by stochastic stellar sam-
pling and complex sky background effects. Although novel methodologies have been
developed to tackle and mitigate these issues (e.g., |[de Meulenaer et al.|[2013} [2017;
Naujalis et al|[2021), a comprehensive and homogeneous investigation, that would
provide a more complete picture of the practical limitations of aperture photometry
for extragalactic star cluster studies has been lacking.

Given this, the goal of this thesis is twofold. First, we determine the intrinsic limits
of aperture photometry accuracy and applicability for studies of nearby extragalactic
clusters. We achieve this by employing stochastic cluster models and their realistic
mock observations designed to mimic real clusters observed in the Andromeda Galaxy
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(M 31) by the Panchromatic Hubble Andromeda Treasury survey (PHAT; [Dalcanton
et al.||2012; Johnson et al.|2015)). The focus on M 31 and the PHAT survey is moti-
vated by the proximity of M 31 and the exceptional quality and spatial resolution of
the PHAT data, which together provide unique opportunity for detailed extragalactic
cluster study in a spiral galaxy similar to the MW.

The second goal of this thesis is to investigate the star cluster population in the
M 31 disc at the boundary of these methodological limitations. By analysing this pop-
ulation, we aim to improve the understanding of star cluster formation and evolution
in M 31 and, more generally, in galactic discs similar to that of the MW. This study
also serves as a demonstration of the scientific potential of aperture-photometry-based
cluster studies and highlights the key areas in which further theoretical, observational,
and methodological improvements are needed.

11



The objective of the thesis

Determine the limitations of aperture photometry in studying star clusters in the discs
of nearby galaxies and investigate the structural evolution of clusters in the Andromeda
Galaxy (M 31).

The main tasks of the thesis

Generate a large grid of stochastic star cluster models and and perform their
multicolour measurements.

Determine intrinsic limits of application of aperture photometry imposed by
stochastic effects.

Assess the impact of sky background on the accuracy of aperture photometry.

Investigate the structural evolution of M 31 disc clusters up to 800 Myr.

Results and statements to be defended

1.

For characteristic low-mass (<103M,,) star clusters, randomness of viewing an-
gle introduces intrinsic uncertainties of up to ~0.05 mag in colour indices and
up to 20% in structural parameters.

. In typical M 31 PHAT fields, determination of age, mass, and extinction (assum-

ing known metallicity) is achievable for star clusters at 100 Myr for M > 500 M,
and at 1 Gyr for M > 1600 M.

. Aperture radii used for cluster colour measurement must exceed their half-light

radii, Rsp; the optimal values up to 2XRs are suggested for typical disc clusters
in M 31.

. The cluster mass function in M 31 at 1 Gyr can be recovered down to: ~500 Mg

in the outer disc, ~1500 Mg, in star-forming regions, and ~3000 Mg, in the inner
disc.

. M 31 disc star clusters are initially compact and expand rapidly within first

~30 Myr, with their Rsg increasing by more than a factor of two.

. M 31 disc clusters older than 100 Myr exhibit a weak mass—radius relation,

Rso oc MO18£0:01 “that does not significantly depend on galactocentric radius.

Publications included in the thesis

.....

physical parameters of unresolved star clusters. VII. Adaptive aperture pho-
tometry of the M 31 PHAT star clusters, 2023, A&A, 677, A100
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Chapter 1

Star clusters in the Local
Universe

A fundamental issue in studies of star clusters is how these systems should be de-
fined. Numerous different definitions exist in the literature. For example,|Lada & Lada
(2003)) define a cluster as a group of stars with a sufficiently high mass density to resist
tidal disruption in its local environment, while Portegies Zwart et al.[(2010) describe a
cluster as a gravitationally bound group of stars. However, such definitions may also
apply to systems not usually regarded as star clusters, such as multiple star systems
or even galaxies. The variety of definitions and associated issues have been discussed
extensively in the reviews by [Krumholz et al.| (2019) and |[Krause et al.| (2020). In the
context of this thesis, we generally adopt a definition similar to ones proposed in these
reviews: a star cluster is a gravitationally bound group of stars within a closed tidal
surface, containing at least 12 member stars and not dominated by dark matter. This
definition distinguishes star clusters from both multiple stellar systems and galaxies,
and requires that the system occupies a region where its self-gravity dominates over
external tidal forces. Although the threshold of 12 stars is somewhat arbitrary and
origins can be traced back to a historical work of |Trumpler| (1930), it approximately
marks the transition from few-body dynamics to the behaviour of a many-body stellar
system.

Regardless of the exact definition, star clusters have played an important role
throughout much of human history, from Paleolithic cultures (Rappengliick|2001) up
to the modern era. Prime example is one of the nearest and easily visible by naked-
eye — Pleiades cluster. In ancient times, the Pleiades served primarily as a marker of
seasonal change and formed the basis of early agricultural calendars, as its appearance
and disappearance in the night sky indicated planting or harvest periods. The impor-
tance of Pleiades in the livelihood of many cultures, lead to it being deeply connected
with mythological and religious beliefs across the world, through which its signifi-
cance transitioned into art, literature, popular culture, and even commercial branding,
thus reaching our times.

From the perspective of modern astrophysics, Pleiades also played an important
role in the development of our scientific understanding of star clusters. In 1610,
Galileo included a sketch of Pleiades in Sidereus Nuncius and stated that “the Galaxy
is in fact nothing else but a congeries of innumerable stars grouped together in clus-
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ters”, an idea which can be argued to be remarkably close to the modern view of
stellar systems. Over the following centuries, rapid improvements in telescopes and
observational techniques led to quickly expanding star cluster catalogues, most no-
tably the New General Catalogue of Nebulae and Clusters of Stars (NGC) compiled
by |Dreyer|(1888). One of the most important discoveries in early modern astrophysics
also originated from star cluster studies. Using stars in the Pleiades and Hyades clus-
ters, [Hertzsprung| (1911) found that stellar brightness is related to colour and spec-
tral properties. Shortly afterwards, Russell (1914) independently plotted the absolute
magnitudes of Hyades stars as a function of spectral type/temperature. Discovery of
these relations led to the development of the Hertzsprung—Russell diagram, or colour-
magnitude diagram (CMD), which remains one of the essential tools for understand-
ing stellar evolution. Later studies found that these diagrams differ between clusters,
which was eventually recognised as an effect of difference in age. In fact, CMDs are
a crucial tool for cluster age derivation up to this day (see Section[2.3).

The modern astrophysical understanding of star clusters and their importance for
studying various physical processes across Cosmic time have been well-summarised
in a number of extensive reviews published in the last decade (e.g.,Bastian & Lardo
2018 Renaud|2018}; |[Krumholz et al.|[2019; |Adamo et al.|[2020; [Krause et al.|[2020).
Here we briefly summarise the current general picture of the lifecycle of star clus-
ters; a more detailed overview can be found in the aforementioned review papers and
references therein.

Star clusters typically form hierarchically within the dense cores of giant molec-
ular clouds (GMCs), the densest regions of the interstellar medium. As GMCs un-
dergo gravitational collapse, gas is converted into stars through ongoing accretion and
fragmentation. The star formation eventually stops when stellar feedback from the
already-ignited stars disperses the remaining gas. In the densest regions, where clus-
ters are forming, star-formation efficiency can become sufficiently high for the result-
ing stellar systems to remain gravitationally bound after gas removal. Recent studies
(Knutas et al.||2025}; [Pedrini et al.[2026) suggest that clusters emerge from their na-
tal clouds on timescales of ~5-10 Myr. During the first ~100 Myr after gas removal,
cluster destruction is driven by strong tidal shocks within their native star-forming re-
gions, as well as through mass loss associated with stellar evolution processes. At
later stages, surviving clusters continue to lose mass through two-body relaxation
and stochastic shock encounters with GMCs, processes that affect lower-mass sys-
tems more strongly. Although the vast majority of clusters dissolve within the first
~10Myr (Lada & Ladal[2003}, |Lamers|[2009; [Whitmore|[2009; Bressert et al.|[2010),
those that survive for hundreds of Myr or longer preserve important information about
the star-formation history and dynamical evolution of their host galaxies, as well as
general physical processes governing star formation.

Detailed, high-resolution, and statistically rich analysis of extragalactic star clus-
ters became possible only in the last few decades, primarily due to launch and op-
eration of Hubble Space Telescope (HST). Before, most of the understanding about
clusters came from the studies in the Milky Way (MW), and to some extent its near-
est large satellites — the Magellanic Clouds. Therefore, in the following Section, we
briefly overview the star cluster system of our Galaxy.
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1.1 Star clusters in the Milky Way

Historically, Milky Way population of bound star clusters have been divided into two
main groups: open clusters (OCs) and globular clusters (GCs). OCs are located pri-
marily in the Galactic disc and generally are young (<1 Gyr; although several notable
exceptions of older OCs, such as NGC 188 or M 67, exist), and have masses below
~103 M. Since this thesis focuses on disc clusters, the studied systems largely corre-
spond to the classical OC population and trace recent star formation and its properties
within galactic discs. Closely related objects are stellar associations, which share
many properties with OCs but are gravitationally unbound and usually much more ex-
tended (Blaauw||1964} Gieles & Portegies Zwart|201 1} \Gouliermis|2018j;|/Adamo et al.
2020; [KKrause et al.|[2020).

In contrast, GCs are typically old and massive stellar systems (r > 1 Gyr and
present-day mass M 2 10* M), predominantly located in the Galactic bulge and halo.
The oldest MW GCs are estimated to be older than ~13 Gyr and therefore provide im-
portant constraints on the age of the Universe (Krause et al.[|2020); historically, such
constraints were available even before those derived from measurements of the Cos-
mic Microwave Background. GCs also serve as valuable tracers of galaxy assembly
and long-term galactic evolution on cosmological timescales (West et al.|[2004; |Brodie
& Strader|2006; Forbes et al.[2018; Kruijssen et al.|2019).

For many years, both OCs and GCs were considered examples of simple stellar
populations (SSPs), meaning that all cluster stars formed in a single burst of star for-
mation from chemically homogeneous natal gas cloud and therefore shared the same
age and chemical composition. However, this picture has changed significantly in
recent decades. It was found that majority of GCs host multiple stellar populations,
showing distinct main sequences and significant star-to-star abundance variations in
light elements, whereas the SSP approximation remains generally valid for OCs (Bas-
tian & Lardo|[2018). This suggests that a more physically motivated distinction may
be between clusters comprised of single and multiple populations. Moreover, obser-
vations of other galaxies, including Local Group members, have shown that young
disc clusters can reach masses comparable to classical GCs (Portegies Zwart et al.
2010;|Adamo & Bastian|2015)), suggesting that the traditional classification into OCs
and GCs is not universal. However, it remains strong due to historical reason, clear
distinction in the MW, and transitioned into extragalactic studies due to convenience.

Significant progress in studies of MW OCs began with modern astrometric and
near-infrared (IR) surveys. Astrometric data collected with Hipparcos satellite en-
abled the discovery of a significant number of new OCs in the nearby vicinity (Perry-
man et al.|1997; Platais et al.|1998)). Meanwhile, near-IR observations such as the Two
Micron All Sky Survey (2MASS:; [Skrutskie et al.[2006) enabled the detection of more
than thousand new nearby OC candidates located in the Galactic disc, obscured by
interstellar dust and therefore difficult to detect at optical wavelengths. Based on near-
IR data, Kharchenko et al.|(2013)) produced a catalogue of more than 3000 objects, of
which the major fraction were classified as OCs, and for more than 1500 objects basic
astrophysical parameters (including age, size and colour excess) were determined for
the first time.

The era of the Gaia observatory marked another major step of progress in MW
cluster studies. High-precision astrometry resulted in a further significant expansion
of the known cluster census in the Galactic disc (Cantat-Gaudin|2022; Hunt & Reffert
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2024) and enabled detailed star-by-star cluster studies. For example, the catalogue of
Hunt & Reffert| (2024) contains more than 5600 objects compatible with being bound
open clusters. Despite this progress, MW studies remain limited to a relatively small
Galactic volume and are affected by strong selection effects (Hunt et al.|[2026), pri-
marily caused by interstellar extinction within the disc. This complicates our ability
to explore correlations between cluster parameters and environmental trends in the
MW, despite having a numerous sample of clusters. Therefore, studies of extragalac-
tic cluster populations are essential for achieving a more complete understanding of
cluster formation and evolution across diverse galactic disc environments.

1.2 Cluster systems in nearby galaxies

Although several studies have explored cluster populations within the Local Group
discs (e.g.,|Vansevicius et al.[2009; San Roman et al.[2012} Johnson et al.[2016, [2017;
Gatto et al.|[2021} |Wainer et al.|[2022), many of them either relied on rather small
statistical samples, covered only narrow cluster parameter regimes, or were limited
to only certain relatively small regions of their host galaxies. One of the most lim-
iting factors is that Local Group galaxies due to their proximity occupy large areas
on the sky. As a result, obtaining deep, resolved or semi-resolved observations over
a substantial fraction of a galactic disc, that would cover variety of environments,
with facilities such as the Hubble Space Telescope (HST) requires extreme amounts
of observational resources, mainly time, having rendered such surveys practically im-
possible up to recent years. Although this situation is gradually improving through
dedicated large-scale surveys being granted time and the era of new generation wide-
field observatories, such as Euclid and the Nancy Grace Roman Space Telescope,
homogeneous studies of large cluster samples spanning broad ranges of masses, ages,
and environments within the Local Group remain relatively scarce.

Consequently, the most extensive homogeneous investigations of large samples of
clusters have mostly focused on galaxies beyond the Local Group. However, such
studies are usually limited to relatively massive clusters (>10%*° M), because lower-
mass systems are difficult to detect and characterise at larger distances. Therefore,
detailed studies within the Local Group are needed to probe the low-mass regime
and obtain a more complete understanding of cluster formation and evolution in star-
forming galactic discs. However, we first briefly review the main results from studies
of spiral galaxies beyond the Local Group.

1.2.1 Spiral galaxies outside the Local Group

Here we focus primarily on how cluster sizes vary and correlate with other cluster
properties, such as age, mass, and location within the host galaxy, since these rela-
tions are central to the analysis presented in Chapter[6] Star cluster structural prop-
erties and internal stellar kinematics encode information about the conditions under
which clusters formed and how they subsequently evolve under the influence of inter-
nal dynamics and environmental effects. Although kinematic data is scarce beyond the
MW, and direct real-time observation of cluster evolution is impossible due to astro-
nomical timescales, statistically large cluster samples enable us to investigate various
scaling relations between cluster structure and other parameters, a prime example of
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that being age-radius and mass—radius relations, which allow us to constrain theo-
retical models of star cluster formation and evolution. It is useful to note here, that
a common cluster size estimate in extragalactic studies is the half-light (or effective)
radius, Rsy, which encloses 50% of total cluster’s flux.

Over the past two decades, with the help of HST, the cluster age-radius relation has
been examined extensively in numerous studies of spiral galaxies beyond the Local
Group, sometimes yielding conflicting results. Notably, [Larsen| (2004) analysed a
combined sample of star clusters from 18 nearby spiral galaxies based on archival HST
WFPC2 data and found no compelling evidence of significant correlation between
cluster age and size. In contrast, a more recent study by Brown & Gnedin| (2021)),
based on young star clusters in 31 galaxies from the LEGUS survey (Adamo et al.
2017;|Cook et al.[2019), reported a statistically significant increase in cluster radius
with age. Specifically, they found that between 1-10 Myr and 10-100 Myr age bins,
the typical effective radius at cluster mass of 10* Mg, grows from 2.36 to 2.51 pc, while
clusters with 10° My, expand from 3.58 to 4.76 pc. However, no further evolution is
observed between the 10-100 Myr and 100-1000 Myr bins.

Considering individual nearby spiral galaxies, the star cluster population in M 51
has been studied extensively. Using HST WFPC2+NICMOS3 data, Bastian et al.
(2005) detected a weak tendency for younger clusters to be larger than older ones, but
found no robust age-radius correlation overall. In contrast, [Lee et al.| (2005), based
on HST WFPC?2 data, reported a weak increase of cluster size with age, defined by a
power-law r oc 4, with A = 0.13 +0.02 (0.06 + 0.02 after accounting for the mass—size
relation). Using HST ACS data, |Scheepmaker et al| (2007)) found that cluster radii
increase with colour, particularly in B — V, and argued that if the colour range reflects
an age spread, this implies expansion with age, consistent with [Lee et al. (2005).
Combining WFPC2 and ACS data and applying a similar methodology to [Lee et al.
(2005), Hwang & Lee| (2010) derived a somewhat stronger age—size relation, with
a power-law index 4 = 0.25 + 0.03 (0.14 + 0.03 after correcting for the mass—size
relation). More recently, (Chandar et al.| (2016)) analysed ~3800 star clusters in M 51
and found stronger evidence for early expansion: clusters more massive than 3 X
10* M, at ages 100—400 Myr have Rs; values larger by a factor of ~(3—4) compared
to clusters younger than 10 Myr. Overall, the evidence increasingly supports cluster
size evolution with age in M 51.

M 83 is another nearby spiral with well-studied star cluster populations. Using
observations of two HST WFC3 fields, [Bastian et al.| (2012) found a significant in-
crease of cluster radius with age. The age—size relation is well described by a r oc 4
power-law with 4 = 0.22 + 0.04 in the inner field and 2 = 0.24 + 0.06 in the outer
field. They interpreted this trend as either a physical effect of cluster expansion or a
possible selection effect related to the light profile fitting procedure. Expanding the
analysis to seven HST WFC3 fields covering a large fraction of the M 83 disc, Ryon
et al.| (2015)) reported a similar age-radius correlation, best described by a power law
with 4 = 0.26 + 0.07. Importantly, they were able to reject the fitting procedure ef-
fect proposed by Bastian et al|(2012)), implying that the observed age—radius relation
likely reflects genuine cluster size evolution.

Ryon et al.|(2017) examined the sizes of young massive star clusters (M > 5 X
10° Mg and ¢ < 200 Myr) of two LEGUS galaxies, NGC 628 and NGC 1313. In
NGC 1313, they found the cluster age—size relation to be broadly similar to that re-
ported for M 83 by Ryon et al.| (2015), with a slope of ~0.3. Meanwhile, the cor-
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relation in NGC 628 is somewhat weaker, with a slope of ~0.1. Ryon et al.| (2017)
suggest that this difference may be due to observational limitations: the ability to de-
tect smaller clusters in M 83 and NGC 1313, compared to NGC 628, provides better
leverage for constraining the age-radius relation, leading to stronger inferred correla-
tions.

The mass—radius relation is another important and widely studied property of clus-
ter populations. [Larsen| (2004) reported a shallow trend, r o« MO-10£0.03  \[org et al.
(2009) performed a similar study of five nearby spiral galaxies based on HST ACS
and WFPC2 data, adopting similar methodological approach to |Larsen| (2004). They
found that between these five galaxies power-law slope of the relation varies from 0.16
to 0.34. For clusters from the LEGUS survey, |Brown & Gnedin|(2021)) derived a steep
relation, r o« M%24*091  Importantly, they found evidence for a possible evolution of
the star cluster mass—radius relation with age: the power-law index increases from
0.18+0.03 for 1-10Myr to 0.28+0.02 for 10-100 Myr, remaining roughly constant
at older ages. However, both studies combined clusters from multiple galaxies, thus
these trends may reflect only an average mass—radius relation, potentially masking
galaxy-to-galaxy variations.

As in the case of the age—radius relation, studies of the mass—radius correlation in
M 51 have yielded contrasting results. While Bastian et al.| (2005) and [Scheepmaker
et al.|(2007) found no evidence for a correlation between cluster mass and radius, [Lee
et al.| (2005) reported a shallow power-law relation, where radius depends on mass
with an index of 0.14+0.03. Similarly, [Hwang & Lee|(2010) derived a best-fit power-
law relation with an index of 0.16+0.02, consistent with the result of |Lee et al.|(2005)).

For M 83, [Bastian et al.| (2012) found no substantial evidence for a presence of
cluster mass—radius relation. In contrast, Ryon et al.,| (2015) reported a significant
correlation, with cluster radius following a power-law of index 0.3+0.1, and, similarly
to Brown & Gnedin| (2021)), noted that the relation strengthens with age. Ryon et al.
(2017) found no significant relation between cluster mass and radius in NGC 628,
but in NGC 1313 they observed a modest cluster radius increase with mass; however,
this trend disappeared when the sample was divided into age bins. A study of super
star clusters in the disc of M 82 by |Cuevas-Otahola et al.|(2021) reported a power-
law mass-radius relation with an index of 0.29+0.05. In a review combining star
clusters from numerous nearby galaxies, [Krumholz et al.| (2019) concluded that the
mass-radius relation is broadly consistent with a general scaling of constant density
R50 o« M 1 3.

Several studies have investigated correlations between cluster radius and galacto-
centric distance, Rgc, with mixed results. Investigations of this relation can provide
important insight into the role of environment in shaping star clusters. In M 51, |Bas-
tian et al.[(2005) found no clear relation, whereas [Scheepmaker et al.| (2007) reported
a shallow trend, r « R%(IZZtO.OZ' For M 83, Bastian et al.|(2012)) observed slightly larger
clusters in the outer field, but attributed this to an age difference; similarly, Ryon et al.
(2015)) found no significant radius—distance correlation once the age—distance relation
was accounted for. No significant trends were detected in NGC 628 or NGC 1313 by
Ryon et al.| (2017). In this context, it is noteworthy that, within the Local Group, |San
Roman et al.| (2012) reported no strong relation in M 33, but found substantial trends
in the MW, the Andromeda Galaxy, and the Magellanic Clouds; however, they were
determined based on massive/globular clusters.
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1.2.2 The Andromeda Galaxy

Since most of the analysis presented in this thesis is focused on the Andromeda Galaxy
(M 31), we briefly overview the galaxy, its star cluster system, and previous studies
(see Table[I.T] for the main properties of the galaxy). M 31 is the nearest large spiral
galaxy, and it is the largest and most dominant member of the Local Group, with a to-
tal mass larger than that of the MW (Hammer et al.|2025)). At a distance of ~785 kpc,
where 1” ~ 3.8 pc, modern space-based observatories can resolve its stellar popula-
tions and star clusters into individual stars across a wide range of disc environments,
enabling detailed investigations of cluster formation, evolution, and disruption pro-
cesses. This makes M 31 the best candidate for studying these aspects in a spiral
galaxy similar to the MW.

The M 31 disc is observed at a high inclination angle of ~77.5° (van der Marel
et al|2019), which complicates detailed analysis of its large-scale structure due to
strong projection effects. Although its spiral pattern is not clearly visible in direct
images, studies across multiple wavelength ranges have identified several spiral-arm
segments in de-projected maps (Tenjes et al.|2017)). One of the most prominent disc
features is the well-known star-forming “ring of fire” located at a galactocentric dis-
tance of ~10kpc (Gordon et al.[2006} Kang et al.|2012; [Lewis et al.|2015; De Somma
et al.|[2025)), whose centre appears to be offset from the galactic centre by ~1kpc
(Block et al.|2006). An additional inner dust ring, offset from the galactic centre by
approximately 0.5 kpc, has also been identified (Block et al.|2006). The peculiar mor-
phology of these two off-centre rings has been suggested to be evidence of a relatively
recent direct collision with a satellite galaxy, most likely M 32 (Gordon et al.|[2006;
Block et al.|2006; Dierickx et al|2014). More generally, M 31 appears to have ex-
perienced a more complex evolutionary history than the MW, including several major
merger events during the past ~4 Gyr and possibly with a most recent one happening
~2 Gyr ago (Williams et al{[2015} |Ferguson & Mackey| 2016, [Hammer et al.|2018;
D’Souza & Bell2018).

For past few decades, studies of the M 31 cluster population focused primarily on
GC-like objects (Barmby et al.[2000; [Barmby & Huchral2001; Barmby et al.|2002;
Gallet1 et al.|2004; Kim et al. [2007; |Puzia et al. [2005; |Caldwell et al.|[2009, 2011}
Caldwell & Romanowsky|2016)). Early attempts to catalogue disc clusters (Hodge
1979) were later shown to be heavily contaminated by various unbound objects, such
as stellar associations. A start of detailed disc cluster studies can be associated with the
high-resolution HST observations (Williams & Hodge|2001blja; [Barmby et al.|2009;
Hodge et al.[2009, [2010; [Perina et al.|2010). However, the cluster samples of these
studies were generally small, often consisting of only a few tens of clusters.

The Subaru Suprime-Cam survey of south-western disc region (Kodaira et al.
2004; Narbutis et al.[|[2008; [Vansevicius et al.|2009) can be regarded as a first truly
homogeneous and statistically large survey of disc star clusters in the M 31. This
survey identified 238 clusters and demonstrated that disc clusters in M 31 are pre-
dominantly compact, with a median half-light radius of ~1.5 pc. Importantly, it also
revealed a presence of massive intermediate-age clusters in the disc of M 31, that are
largely absent in the MW.

The most significant recent advance in studies of the M 31 disc star clusters can be
associated with the Panchromatic Hubble Andromeda Treasury survey (PHAT; |Dal-
canton et al.|2012)). PHAT is a large-scale HST imaging wide-field survey covering
the north-eastern part of the M 31 disc. Observational data were obtained in six broad-
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band photometric filters using three HST imaging channels, and span spectral range
from near-IR to near-ultraviolet (UV): F275W and F336W with Wide Field Cam-
era 3 UVIS (WFC3/UVIS); F475W and F814W with Advanced Camera for Surveys
(ACS/WEC); F110W and F160W with WFC3/IR. The survey is divided into 23 parts
commonly referred to as “bricks”, each consisting of 18 fields arranged in a rectan-
gular 6x3 grid. The footprint of PHAT survey on GALEX and 70 gm Multi-Band
Imaging Photometer for Spitzer (Spitzer/MIPS) maps are shown in Fig[I.T1] The sur-
vey extends more than 20 kpc from the M 31 centre, covering roughly one-third of the
star-forming disc, including the most prominent disc features observed in the north-
eastern region. The 50% completeness limit of the PHAT stellar photometry in the
F475W passband varies from 24.8 mag in the central regions to 28.2 mag in the outer
disc (Williams et al.|[2023)).

In the context of star cluster studies, Johnson et al.|(2012)) presented the first PHAT
cluster catalogue based on visual identification of cluster candidates in selected survey
regions. The full catalogue was later published by Johnson et al.|(2015) and contains
2753 cluster candidates. PHAT data have since been used to investigate several aspects
of the M 31 cluster population, including the cluster mass function and cluster forma-
tion efficiency (Johnson et al.|2016} [2017). PHAT clusters were subsequently studied
by Naujalis et al.|(2021)) and |[Kris¢itinas et al.|(2023), who developed a novel adaptive
aperture photometry method to improve photometric accuracy and enable a more reli-
able derivation of cluster physical parameters (see Section[2.2). This ultimately lead to
a catalogue of physical parameters for young (<800 Myr) PHAT clusters (Kriscitinas
et al.|2026)). Nevertheless, the survey has not yet been fully exploited to its full poten-
tial, in particular for studies of low and intermediate mass clusters.

Furthermore, a similar survey — Panchromatic Hubble Andromeda Treasury: Tri-
angulum Extended Region (PHATTER; Williams et al.|2021} Johnson et al.[[2022)
— has been performed and mapped the central part of the star-forming disc of M 33.
Moreover, the PHAT survey itself has been recently extended (albeit only in four filters
— UV and optical) by Panchromatic Hubble Andromeda Southern Treasury (PHAST;
Chen et al.[2025) in the south-western part of the disc. Therefore, there are a lot of
potential and unique opportunities for further significant progress regarding studies
of star cluster populations in the discs of Local Group galaxies, and new important
insights can be expected in the near future.

Table 1.1. Main properties of the Andromeda Galaxy (M 31).

Parameter Value Reference
Hubble type SA(s)b de Vaucouleurs et al.[(1991)

@(J2000); 6(J2000) 00N 42™ 44.3%; +41° 16° 9"  McConnachie et al.[(2005)

PA. 37.7° Chemin et al.| (2009))
Inclination angle 77.5° van der Marel et al. (2019)
Distance 785 + 25 kpc McConnachie et al.| (2005
(m— M)y 2447 + 0.07 mag McConnachie et al.| (2005)

Vot ~250 kmy/s Chemin et al.[(2009)

Dynamical mass 45101 My Hammer et al.| (2025)

a(J2000) and 6(J2000) — equatorial coordinates of the galaxy centre; P.A. — position angle
of the major axis; (m — M), — distance modulus; V,,, — rotational velocity at a galactocentric
distance of 10 kpc.
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Figure 1.1. Footprint of the PHAT survey overlaid on GALEX FUV+NUYV (top panel)
and grey-scale 70 um Multi-Band Imaging Photometer for Spitzer (Spitzer/MIPS; bot-
tom panel) maps of M 31. White and black contours outline the 23 PHAT survey
bricks.
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Chapter 2

Aperture photometry in star
cluster studies

.....

2.1 Standard aperture photometry approach

Aperture photometry is one of the most powerful and widely used methods that allows
us to study large samples of extragalactic star clusters. This method is based on mea-
suring the total flux within an aperture, typically circular and centred on the cluster,
followed by subtraction of the local background contribution. The sky background
level is usually estimated using a surrounding annulus centred on the cluster, although
in some cases a nearby region of equivalent size is adopted instead. Since a finite
aperture does not capture all cluster light, aperture corrections are applied using flux
growth curves (cumulative radial flux profiles), artificial clusters, or empirical rela-
tions to estimate total integrated fluxes and corresponding magnitudes (Stetson||1987).

The physical parameters of star clusters (age, mass, metallicity, and interstellar
extinction) are commonly derived from aperture photometry using stellar population
synthesis (SPS) approach. SPS packages such as Pegase (Fioc & Rocca-Volmerange
1997) and Starburst99 (Leitherer et al.[1999)) have long been standard tools in stellar
population studies, from individual star clusters to entire galaxies. Although technical
details of implementation differ, most SPS packages follow similar general principles.
A certain star-formation history and stellar initial mass function (IMF, a distribution
of initial stellar masses within a population) are chosen. These properties define the
distributions of stellar ages and masses within the population. Stellar atmosphere and
evolutionary models are then used to compute the integrated spectrum of the artifi-
cial population, which can be transformed into magnitudes in different photometric
systems. Observed spectra or photometry can be compared with a sample of these
theoretical predictions to derive the best-fitting parameters.

Star clusters are usually approximated as a SSP, assuming that all stars formed in a
single burst of star formation, and thus share the same age and chemical composition.
Standard SPS models typically assume that the IMF is fully sampled, i.e., stellar mass
distribution ideally matches the theoretical function.

A widely used approach is to compare observed cluster integrated broad-band
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magnitudes and colour indices to the theoretical values from SPS models (e.g.,/Anders
et al.[2004; Bridzius et al.[2008). However, it was noticed that such method encounters
major problems for low-mass (<10* M) clusters, for which the well-sampled IMF as-
sumption is incorrect. In reality for such systems, integrated photometry is strongly
affected by stochastic sampling of the IMF, particularly by the random presence of
a few massive and luminous stars near the high-mass end of the function (Deveikis
et al.[2008; Maiz Apellaniz |2009; [Fouesneau & Lancon|[2010; Beerman et al.|2012;
Anders et al.[2013; de Meulenaer et al.[2013). Therefore, young low-mass clusters
may contain one or several supergiant stars that can significantly alter the cluster’s in-
tegrated magnitudes and colours, which can lead to systematically overestimated ages,
extinctions, or metallicities when using standard SPS algorithms.

Modern methods account for these stochastic effects, usually by using stochastic
cluster models generated through Monte-Carlo sampling of IMF (Deveikis et al.[2008;
Fouesneau & Lancgon|2010; [Fouesneau et al.||2014} de Meulenaer et al.|2013}, 2017
Krumholz et al.[2015). In this manner, an extensive grid of models spanning wide
range of possible cluster parameters is built, and can be compared with observations
to derive cluster physical properties. Since the method developed by [de Meulenaer
et al.| (2013, 2014, [2017) is extensively referred to and used throughout this thesis, we
briefly describe it below.

In this algorithm, cluster age, mass, metallicity, and colour excess E(B — V) are
estimated by comparing the observed integrated broad-band photometry to a four-
dimensional (4D) grid of stochastic models. The model grid is defined by its nodes,
where each node corresponds to a specific combination of age, mass, metallicity,
and E(B — V) values. The models are generated through random sampling of stel-
lar masses according to the |Kroupal (2001) IMF. Integrated photometry is computed
using stellar evolutionary models from the PAdova and tRieste Stellar Evolutionary
Code (PARSEC)-COLIBRI (Bressan et al.|2012} [Marigo et al.|2017), while the stan-
dard MW interstellar extinction law is assumed.

The likelihood that a given node represents the photometry of an observed cluster
is then evaluated. First, the likelihood of each stochastic cluster model within a node
is calculated:

(magf,nbs - magf,model)2

= 2
11:! \/Eg'f 20'f

) 2.0

where f denotes a specific passband, mag s and mag are the observed and model
magnitudes in that filter, respectively, and F is the total number of passbands. The
likelihood of a node is then obtained by summing up the likelihoods of all stochastic
models within that node:

N
Lnoae(t; M, E(B=V), IM/H]) = " Lot n 2.2)
n=1

where N is the number of models in the node. The parameter combination corre-
sponding to the node with the highest likelihood is referred to as BEST. The method
can also be applied with one or more parameters fixed, for example by assuming solar
metallicity.

Although such methods account for stochastic IMF sampling, they still experi-
ence significant issues if standard aperture photometry procedures are used to obtain
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cluster magnitudes and colours. [Beerman et al.| (2012) showed that for low-mass
clusters inclusion of one or several bright post-main-sequence (PMS) stars within the
photometric aperture can introduce severe stochastic variations in cluster brightness
and colours, strongly affecting the accuracy of derived ages and masses. Moreover,
de Meulenaer et al| (2017) demonstrated that bright field stars projected within the
aperture can significantly distort photometric measurements, complicating parameter
determination and often resulting in age—extinction degeneracies.

2.2 Adaptive aperture photometry

Naujalis et al.| (2021) introduced a novel adaptive aperture photometry technique to
mitigate the problems associated with bright resolved cluster member and field stars
highlighted by Beerman et al.| (2012) and [de Meulenaer et al.| (2017). It was suc-
cessfully applied to the PHAT star cluster catalogue (Johnson et al.|2015) objects by
Naujalis et al.| (2021) and Krisciunas et al.| (2023). Below we summarise the main
principles of the approach; a detailed description is provided in the original papers.

The method is based on measuring flux growth curves in each passband using
many co-centred apertures with gradually increasing radii using a small step. First, a
preliminary aperture enclosing roughly the total cluster flux is selected; this is referred
to as the T (“total”) aperture. The local sky background can then be estimated from
the surrounding area around this aperture.

Accurate determination of the local sky background is crucial for reliable clus-
ter photometry. Although several automated approaches have been proposed (e.g.,
Barmby & Huchra|2001} |Krienke & Hodge|[2007; Johnson et al.|2012), they often
perform poorly in crowded resolved or semi-resolved fields, such as the discs of Lo-
cal Group galaxies. These automated algorithms struggle to consistently account for
strong local variations of background level and irregularly distributed bright field stars.
Such issues can lead to inconsistent background estimates between passbands.

To address this, the adaptive aperture photometry method uses interactive back-
ground determination based on the inspection of growth curves, differential flux pro-
files, and cluster images in all passbands. Initial mean and median background levels
are calculated in an annulus extending from 1.2Ry to 3.4Rt, where Ry is the radius of T
aperture. These values are used to construct the first iteration of the growth curves and
differential profiles. The background level in each passband is then adjusted interac-
tively until the growth curves flatten and the differential profiles approach zero within
the background annulus. The size of T aperture can be re-adjusted according to the
point where the growth curve stabilises and flattens confidently. In practice, Naujalis
et al.[(2021)) and |Kriscitnas et al.| (2023) also selected T apertures in such a manner
that avoids bright field stars at the edges of apertures. Combining visual inspection of
cluster images with cumulative and differential flux profiles enables consistent back-
ground determination across all passbands. However, a major downside is that such
procedure is very time-consuming.

The key idea of adaptive aperture photometry is measuring a star cluster with two
co-centred apertures. The larger one is the aforementioned T aperture and is intended
to capture the total cluster flux. Meanwhile, the smaller one called C (“colour”) aper-
ture is chosen to include only the central cluster region and exclude bright field stars
or evolved cluster members that could distort the measured colour indices. As a result,
measurements obtained with the C aperture are less affected by stochastic contamina-
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tion and provide more colour-consistent cluster fluxes. Notably, in the PHAT studies
of Naujalis et al.|(2021) and |[Kriscitnas et al.|(2023), the C aperture radius, R¢, was
generally chosen to be equal to or larger than the cluster half-light radius.

Next step is selecting a reference passband used to derive the final colour-consistent
magnitudes. In the context of PHAT survey, |Naujalis et al.|(2021) adopted the F475W
passband because it provides the highest signal-to-noise ratio (S/N) and has relatively
low contamination by the light of old resolved M 31 field stars compared to other
filters. For simplicity, we continue using the PHAT notation here. The aperture cor-
rection (AC) in the reference passband is defined as the difference between the mag-
nitudes measured with T and C apertures:

FAT5Wyc = FAT5Wr — FAT5Wea. (2.3)

The final colour-consistent magnitudes (C) are then obtained as

F#We = F#Wea + FAT5Wac, 2.4)

where “#” denotes the HST three-digit passband code and F#Wca are magnitudes
measured within the C aperture. This magnitude transformation assumes that the
cluster does not exhibit strong colour gradients beyond R¢, and is reliable only in
such cases. Colour gradients may arise from effects such as mass segregation, dif-
ferential extinction across the cluster, or real spatial gradients of stellar populations
within given cluster.

Figure[2.T|presents two-colour diagrams (TCDs) for the combined full PHAT M 31
cluster sample from Naujalis et al.| (202 1)) and |KriScitnas et al.| (2023 photometry cat-
alogues (red circles), compared with a distribution of stochastic cluster models (blue
shaded region). The models span ages of log,,(¢/yr) from 6.6 to 10.1, masses from
102 My, to 10° Mg, metallicities [M/H]= —2.2 to +0.4, and zero extinction assumed.
They were generated using PARSEC-COLIBRI isochrones following the method de-
scribed in [de Meulenaer et al.|(2017)). Figure@}a shows colour indices measured us-
ing T apertures, while Fig.[2.Tp presents measurements obtained with the C aperture
approach.

Most observed clusters align well with the stochastic model distribution. However,
the C-aperture photometry shows noticeably better compatibility with the models. In
particular, when T apertures are used, clusters appear systematically shifted towards
redder colours, especially in F475W — F814W. The direction of this shift closely
follows the extinction vector (black arrows), indicating that bright red field stars in-
cluded within the larger apertures can mimic the effects of interstellar reddening. The
adaptive aperture method substantially reduces such bias.

Although adaptive aperture photometry technique shows a significant improve-
ment over the standard approach and exhibits strong potential for studies of extra-
galactic star clusters, overall limitations of integrated photometry methods remain to
be fully understood. Investigating these limitations is one of the main goals of this
thesis and is addressed in the following Chapters.

27



(F336W — F475W)+
(F336W — F475W)c

0 1 2 0 1 2
(FA75W — F814W)+t (FA75W — F814W)c

Figure 2.1. Two-colour diagrams comparing combined sample of M 31 star clusters

tion of stochastic cluster models (blue shaded regions; darker colour represents higher
model number density). The models are with masses from 10> Mg, to 10° M. Panel
a) shows colour indices measured using T apertures, while panel b) presents mea-
surements obtained with C apertures. The black arrow marks the extinction vector,
calculated using the [Fitzpatrick (1999) extinction law with Ay = 1.

2.3 Alternative methods for deriving
cluster physical parameters

Aperture photometry is not the only approach enabling derivation of star cluster pa-
rameters. Therefore, before further discussing the limitations and applicability of
aperture photometry, it is useful to briefly review the main alternative methods, to-
gether with their strengths and shortcomings. This helps to place aperture photometry
into a broader methodological context and highlight its importance in cluster studies.
Several families of methods are used to derive physical parameters of extragalac-
tic star clusters, each exhibiting varying accuracy limits, observational requirements,
and caveats. Many currently applied techniques for star clusters in the local Universe
(<10Mpc) rely on broad-band photometry. Among these, the most accurate meth-
ods are based on CMDs constructed from photometry of individual resolved cluster
member stars. In such algorithms, observed CMDs are compared either with syn-
thetic CMDs generated from simulated stellar populations or fitted with theoretical
isochrones (e.g., Dolphin|2002; Johnson et al.|2016; [Wainer et al.[2022; Ceponis etal.
2024; |Zheng et al.|[2025). CMD-based methods can provide highly reliable cluster
physical parameters. However, they require sufficiently deep and high-resolution ob-
servations to resolve individual upper main-sequence (MS) stars and stars below the
MS turn-off (MSTO) point, which are necessary to determine cluster ages accurately.
Consequently, CMD fitting approach is mainly applicable to and yields accurate re-
sults only for relatively nearby and young star clusters, greatly limiting the number of
systems that can be studied in this manner. Wainer et al.|(2022) showed that with HST
in the neighbouring spiral galaxies M 31 and M 33, robust parameter estimates can be
obtained for clusters younger than ~300 Myr and more massive than ~1000 M.
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Another approach is based on spectroscopy. In spectroscopic studies, observed
integrated cluster spectra are compared either with SPS model spectra or with refer-
ence spectra of known stellar populations. Often, the analysis focuses on spectral line
indices, i.e., measurements of the strengths of specific absorption features sensitive to
stellar population age and metallicity (Vazdekis et al.|[2010). Such methods can also
provide accurate cluster parameter estimates (e.g., (Caldwell et al.|[2009, 2011} |Cald-
well & Romanowsky||2016), because even relatively low-resolution spectra contain
substantially more information of specific spectral regions than broad-band photome-
try and allow parameter degeneracies to be disentangled more effectively. Integrated
spectroscopy is particularly useful for old globular-like clusters, for which broad-band
photometry often suffers from the age—-metallicity degeneracy, especially at ages be-
yond several Gyr (Worthey|[1994). However, accurate spectroscopic measurements
require high S/N and are therefore limited to relatively bright and massive GC-like ex-
tragalactic clusters, given the capabilities of present-day observatories. Additionally,
contamination by bright foreground or background stars projected onto the cluster can
significantly affect the measured spectra and bias the derived parameters.

Overall, while both CMD fitting and spectroscopic approaches offer better accu-
racy in certain regimes, integrated photometry has a much broader range of applica-
bility. It does not require resolving faint individual stars or high-S/N in general, since
it is based on the total integrated cluster light. Consequently, aperture photometry
can be applied to lower-mass, more distant star clusters in a wider age range, greatly
increasing the number of objects available for analysis. This enables us to study star
formation and evolutionary histories of galactic discs based on a wider range of star
cluster masses, and on longer timescales.

2.4 Structural parameter determination

Several methods are used to derive structural parameters of extragalactic star clusters.
In studies based on aperture photometry, one of the simplest and most commonly
used techniques is the analysis of flux growth curves, from which parameters such as
half-light radius can be determined through interpolation (e.g., Johnson et al.|2012]
2015; Naujalis et al.|2021; |Kris¢itnas et al.[2023)). It is well-suited in (semi-)resolved
conditions, such as those encountered in the PHAT survey.

For unresolved or partially resolved star clusters, structural parameters are com-
monly derived by fitting analytical two-dimensional (2D) surface brightness models
to observed cluster images. The most widely used models are based on the profiles in-
troduced by King| (1962)) and [Elson et al.|(1987), which are fitted to cluster images to
estimate quantities such as core radius, effective radius, and profile shape parameters
(Larsen!|1999| |2004; Narbutis et al.|2014} Ryon et al.[2015] [2017; Brown & Gnedin
2021). Such methods require careful treatment of telescope point spread function
(PSF), detector sampling, and background contamination.

Various dedicated software packages for such procedures exist, with the most
widely used being ISHAPE (Larsen|[1999) or GALFIT (Peng et al.|2002, [2010). In
extragalactic studies, artificial cluster tests are usually performed (e.g., Narbutis et al.
2014; |Brown & Gnedin|2021) to evaluate the effects of such aspects as finite resolu-
tion, crowding, or limited S/N. Synthetic clusters with known properties are inserted
into real observations and fitted using same methodology to estimate completeness,
systematic offsets, and measurement uncertainties.

29



Chapter 3

Stochastic star cluster models

The content of this chapter is based on|Daugevicius et al.|(2024).

To evaluate the limitations and applicability of the aperture photometry method for
studying star clusters in the discs of nearby galaxies, we employed stochastic cluster
models. For this purpose, we developed an algorithm (Daugevicius et al.|2024) that
enables simulating artificial three-dimensional (3D) star clusters and generating real-
istic images when projecting them onto a two-dimensional (2D) plane from various
viewing angles. The part of the algorithm responsible for generating individual clus-
ter member stars is based on the the SimClust code (Deveikis et al.|2008)), while the
modelling of realistic cluster images follows an approach similar to that of [Bialope-
traviCius et al.| (2019). All components of the artificial cluster modelling were imple-
mented by using scripts written in Python. In the context of this thesis, the algorithm
is configured to simulate cluster models and their images so as to mimic real M 31
clusters observed in the PHAT survey (Dalcanton et al.|2012} Johnson et al.[2015)).
However, it can be readily adapted to produce cluster models as observed in other
galaxies or with other instruments. In this Chapter, we describe the main procedures
and key details of our star cluster modelling algorithm.

3.1 Sampling of individual stellar masses

Based on radiation magnetohydrodynamics simulations of low-mass star cluster for-
mation, |Grudi¢ et al.|(2023b) showed that stars do not form in a completely random
sequence: massive stars tend to begin forming earlier and finish forming later than the
average star. However, their results also indicate that, despite this non-random and
correlated nature of star formation, stochastic sampling of stellar masses provides a
reasonable description of the end result of star formation in low-mass clusters. There-
fore, for simplicity, we adopt fully stochastic sampling to generate the initial masses
of individual stars. This approach is widely used in other star cluster studies (e.g. De-
veikis et al.|2008; [Fouesneau & Lancon![2010; Fumagalli et al.|[2011} da Silva et al.
2012; |de Meulenaer et al.|2013; [Fouesneau et al.|2014; Krumholz et al.[2015).

Stellar masses are sampled stochastically according to the IMF, which specifies
the number of stars, dN, born within a given mass interval dm. In this work, we adopt
a commonly used Kroupa|(2001)) IMF, which is defined as a multi-part power law:

30



&(m) = dN/dm = Cpyp - by - m™™, 3.1)

where a; is the slope of the IMF in the stellar mass range of [m;_;, m;], and Cyvr and b;
are function normalisation and continuity constants, respectively. Initial stellar masses
are generated in the range from 0.1 to 100 Mg, within which the Kroupa IMF can be
defined by two power-law segments:
{a, = 1.3, m<05M,; 32)
ay =2.3, m>05M;.

To sample the initial masses of individual stars, we construct the cumulative initial
mass function, Z(m), which defines the probability that a star has a mass m’ < m. This
function is obtained by integrating Eq.[3.1}

E(m) = &m’)dm’, (3.3)

Mpin

the constants Cpvr and b; are chosen such that Eq.[3.3]remains continuous and its value
varies from E(0.1 Mg) = 0 to Z(100Mg) = 1.

The mass of an individual star is sampled by generating a random number, rndy,,
drawn from a uniform distribution in the range from O to 1, and equating this value to
the cumulative initial mass function, Z(m) = rnd,,. The corresponding stellar mass is
obtained by applying the inverse function:

m; = F~'(E(m) = rnd,,), (3.4)

where m; is the initial mass of the j-th star in the cluster. This ensures that mass
sampling is consistent with the IMF.

A graphical illustration of the initial stellar mass sampling method is presented in
Fig.[3.1] In panel a), we show an example application of Eq.[3.4]for generating stellar
masses. For instance, randomly drawing rnd,, = 0.5 and applying the inverse function
yields a stellar mass of m; = 0.276 My, (blue dashed lines), while rnd,,, = 0.75 corre-
sponds to m; = 0.532 M, (red dashed lines). Panel b) shows the resulting initial stellar
mass distribution for a cluster with log,,(M/My) = 5.0. In this case, the sampled dis-
tribution closely follows the theoretical IMF, with only minor stochastic deviations at
the high-mass end (m > 3 M), indicating that stochastic mass sampling effects are
negligible in massive clusters. Panels ¢) and d) present stellar mass distributions for
two independent realisations of clusters with log,,(M/Mg) = 2.5. A comparison of
these panels demonstrates the strong stochasticity at the high-mass end, as well as
noticeable variations at lower stellar masses (m < 1 M), characteristic of low-mass
clusters.

The results presented in this thesis are not expected to be sensitive to the adopted
Kroupal (2001) IMF. Strong stochastic effects are mainly driven by massive stars

(= 1 My). However, at these higher masses various IMFs are very similar (Colman
& Teyssier|2020).
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Figure 3.1. Stochastic sampling of individual stellar masses in star clusters. a) Cu-
mulative initial mass function E(m) in the stellar mass range from 0.1 to 100 Mg
(black line), with an example of its application for stellar mass sampling (blue and
red dashed lines). b-d) Initial stellar mass distributions for three simulated clus-
ters: b) log,,(M/Mp) = 5.0 cluster; ¢) and d) — two independent realisations of
log,((M/Mg) = 2.5 cluster. Red curves show the IMF, £(m), for an infinite-mass
star cluster (i.e., the underlying probability density function).

3.2 Setting spatial distribution of stars

The next step after sampling a mass of an individual star is to assign its position within
the modelled star cluster. Stellar positions are distributed according to the empirical
Elson-Fall-Freeman (EFF; [Elson et al.|[1987) radial profile. Numerous studies of star
clusters in nearby galaxies (e.g., Elson et al.|[1987; |Larsen!|1999, 2004; [McLaughlin
& van der Marel 2005 Bastian et al.|[2012} |(Cuevas-Otahola et al.|[2020; [Brown &
Gnedin|2021) have shown that EFF profiles accurately describe the observed structure
of young star clusters. Since the goal of our modelling is to reproduce real young clus-
ters as accurately as possible — particularly because such systems are most susceptible
to stochastic effects — the choice of the EFF profile is well motivated and justified. The
radial density profile of the EFF model is described by the following function:

2\~0+D/2
) : (3.5)

p(r)=po[l+—=
o

where py is the central cluster density; » — de-projected (3D) distance from the cluster’s
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centre; ry — EFF scale radius; y — power-law slope that determines the behaviour of
the radial profile in the outer regions of the cluster.

To generate the spatial distribution of stars, we adopt a method originally proposed
by |Aarseth et al.|(1974) for assigning initial positions of stars in dynamical N-body
star cluster simulations. It should be noted that this method assumes that all individual
cluster stars have equal mass; however, in our implementation stellar positons are
assigned independently of mass, effectively assuming no primordial mass segregation.
Thus, all stellar masses follow the same underlying spatial distribution, although the
presence of a small number of massive stars can introduce stochastic fluctuation in
the mass distribution of individual cluster realizations. Nevertheless, it remains an
appropriate approach in our case.

This approach is based on constructing the cumulative radial mass profile, M(<r).
For the EFF model, it can be derived by integrating Eq.[3.5}

3 y+1 5 r]

E’ 2 s 25_% (3'6)

" 4
M(<r) = f 47rx2p(x) dx = %;ﬁ -2 Fy (
0

where , F(a; b; c; 7) is the Gaussian hypergeometric function. The cumulative mass
profile is normalised such that its value ranges from O to 1. Similarly to the stellar mass
sampling procedure, a random number from a uniform distribution, rnd,, is generated
in the interval [0, 1], and assigned that M(<r) = rnd,. The 3D radial distance of the
J-th star from the cluster centre, 7}, is then determined by using the inverse function:

r; = F'(M(<r) = md,). (3.7

The method for generating 3D radial distances of individual stars is illustrated
in Fig.[3.2] Panel a) shows three cumulative radial cluster mass profiles defined by
different EFF model parameters, along with example radii sampled from each profile
by drawing rnd, = 0.6. We emphasize, that in our modelling, the radial profile is
defined by two parameters: y, the power-law slope of the EFF model, and r,, the core
radius as defined by King|(1962)), and measured in arcsec. Core radius is related to the
EFF parameters r( and y as follows:
re=rn(227-1)". (3.8)
Panel b) of Fig.[3.2 shows a sampled distribution of 3D radial distances for a cluster
with log,,(M/Mg) = 5.0. It follows the corresponding probability density function
with great accuracy, highlighting negligible stochastic effects in the spatial sampling
of massive clusters. Meanwhile, panels c) and d) show results from two independent
samplings of cluster with log,;,(M/My) = 2.5. Both realisations exhibit substantial de-
viations from the probability density function, as well as evident differences between
each other. Just as in the case of stellar mass sampling, this demonstrates significant
stochastic effects in lower-mass clusters.

Once the radial distance of an individual star is sampled, two remaining spatial
coordinates within the cluster must be assigned. This is done by generating two ran-
dom numbers from uniform distributions: u; in the interval [0, 27] and v; in [-1, 1].
These numbers are then transformed into spherical coordinates, initially assuming a

unit radius (r; = 1):
05 =1y (3.9)
0; =cos™'v;.
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Figure 3.2. Stochastic sampling of 3D radial distances from the cluster centre of clus-
ter member stars. a) Cumulative radial cluster mass profiles, M(<r), for three models
with different EFF profile parameters; example of distance sampling with rnd, = 0.6 is
shown for each profile. b-d) Sampled 3D radial distance distributions for three simu-
lated clusters: b) log;,(M/Mp) = 5.0 cluster; c¢) and d) — two independent realisations
of log,((M/Mg) = 2.5 cluster. Red curves show the sampling probability density
function dM(<r)/dr.

The spherical coordinates are subsequently converted into Cartesian coordinates:

Xj=rj-sin6;-cos¢;;
Y;=r;-sinf;-sing;; (3.10)
Zj = I"j 'COS@j.

To generate an entire cluster, the algorithm for sampling individual stars — their
initial masses and positions within the cluster — is repeated until the total stellar mass
within a defined sphere reaches or slightly exceeds the target cluster mass. In this
thesis, we adopt a sphere of radius 7.5”, which corresponds to ~28.5 pc at the distance
of M 31. Once star sampling is complete, we evaluate whether including or excluding
the last sampled star results in a total initial mass closer to the target. The option that
minimises the deviation from the target mass is adopted as the final cluster model.

3.3 Assigning stellar magnitudes
Once the initial stellar masses and spatial distribution are generated, photometric mag-

nitudes must be assigned to individual stars based to their masses and the age of the
modelled cluster. In our algorithm, this is achieved by interpolating isochrones of
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the corresponding age from the PARSEC-COLIBRI stellar evolution models (Bressan
et al.|[2012; [Marigo et al.[2017). In this study, we adopt isochrones with fixed solar
metallicity and assume zero interstellar extinction. Such approach inherently assumes
that all cluster members formed in a single burst of star formation, such that all stars
share the same age and chemical composition. Nevertheless, this approximation is
reasonable for young, low-mass clusters, which are the primary focus of this thesis.
The relevant PARSEC-COLIBRI isochrones were obtained using the web-based in-
terface servicd'l

Since our goal is to simulate artificial clusters that closely match real M 31 star
clusters observed in the PHAT survey, we interpolate isochrones in the corresponding
six HST passbands, used in the survey. Absolute magnitudes given in the isochrones
are converted to apparent magnitudes using the M 31 distance modulus, (m — M)y =
24.47 (McConnachie et al.|2005)).

In Fig.[3.3] we present CMDs of three simulated clusters with log,,(M/Mg) = 3.0
(panels a—c) and three with log,,(M/Mg) = 4.5 (panels d—f), shown at six different
ages together with the corresponding isochrones. A comparison between panels illus-
trates that low-mass clusters, even when characterised by identical physical parameters
(age, mass, and metallicity), can consist of substantially different stellar populations
due to IMF stochasticity. In particular, such clusters may contain one or a few stars
that are significantly brighter than the rest. This, in turn, can lead to large variations
in their integrated photometric properties, complicating the determination of cluster
parameters. In contrast, more massive clusters show only marginal stochastic effects,
which are largely negligible for integrated brightness and colours given the large num-
ber of stars they contain, especially at ages 230 Myr. Figure[3.3]also demonstrates how
the dominant sources of stochasticity in cluster photometry change with age. At young
ages, stochastic effects are primarily driven by massive upper MS stars and evolved
massive stars, such as yellow/red supergiants (YSGs, RSGs). At older ages, these
effects are dominated by red clump, red giant branch (RGB), and asymptotic giant
branch (AGB) stars.

An important caveat concerns the choice of stellar evolutionary models used to
generate photometry of individual stars. In Fig.[3.4 we compare PARSEC-COLIBRI
isochrones with those from BaSTI (Hidalgo et al.[2018)) and MIST (Choi et al|2016;
Dotter et al.|2026). At ages of < 10 Myr, different stellar evolution models are poorly
constrained and can behave erratically, treating fast transient evolutionary phases dif-
ferently. As shown in Fig.[3.4h, PARSEC-COLIBRI isochrones include a detailed
description of these short-lived phases and associated changes, whereas MIST mod-
els omit them and exhibit abrupt discontinuity around F814W = 15.5, immediately
jumping down to F814W ~ 22, represented by the parallel line. At 10 Myr (Fig.[3.4p),
PARSEC-COLIBRI also provide a more detailed treatment of PMS evolution com-
pared to MIST, particularly in their description of the blue loop. Additionally, some
models do not cover such young ages at all; e.g., BaSTI isochrones are absent in panels
a) and b), as they only start at ~13 Myr. Consequently, stochastic cluster simulations at
these ages are highly sensitive to the adopted isochrone set. At older ages (¢ > 30 Myr;
Fig.@};-f), differences between isochrone models become more subtle, with the main
discrepancies arising from slight offsets in brightness at advanced evolutionary stages,
such as the blue loop or red clump.

We also generated 1000 stochastic clusters with M = 1000 M, using each of the

Thttp://stev.oapd.inaf.it/cgi-bin/cmd
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Figure 3.3. Colour-magnitude diagrams of simulated clusters with log,,(M/Mg) =
3.0 (panels a—) and log,;(;(M/My) = 4.5 (panels d—f), at six ages (see legend).
Coloured curves indicate PARSEC-COLIBRI isochrones; filled circles represent in-
dividual cluster stars.

three isochrone sets. In Fig.[3.3] we show results for the r = 100 Myr case in TCDs
and CMDs (results for 30 Myr and 300 Myr cases are presented in the Appendix;
Figs.[AT and [A2] respectively). In general, the distributions of stochastic models are
broadly similar, regardless of the isochrones used for interpolation. The BaSTI ver-
sion at 100 Myr shows a slightly smaller scatter, likely due to the BaSTI isochrone
having the smallest and faintest blue loop (see Fig.[3.4d). At 30 Myr (see Fig.[AT),
the PARSEC-COLIBRI version demonstrates larger scatter, most probably reflecting
a more detailed treatment of the blue loop, while at 300 Myr (see Fig.[AZ) they pro-
duce a slightly bluer cluster distribution in F336W — F475W compared to MIST and
BaSTIL

Overall, while differences between isochrone models can lead to variations in
stochastic cluster simulations and results of their analysis, our choice of PARSEC-
COLIBRI is well-motivated by several factors. These models provide extensive cov-
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Figure 3.4. Comparison of isochrones from three stellar evolution models — PARSEC-
COLIBRI, MIST, and BaSTI (see legend) — at six ages (indicated in the top-left corner
of each panel). Apparent magnitudes were adjusted using the M 31 distance modulus,
m — M = 24.47. BaSTI isochrones are not available at ages of 3 and 10 Myr.

erage of stellar parameters and include a detailed treatment of rapid transient evolu-
tionary phases, which is essential for modelling realistic integrated cluster photometry.
Although alternative isochrone models may offer advantages for specific applications
or include certain evolutionary features not present in PARSEC isochrones, they of-
ten provide more limited parameter coverage and a less consistent treatment of rapid
evolutionary stages, particularly at young ages.

3.4 Modelling realistic cluster images

The final step of the algorithm is to generate realistic mock observations of the simu-
lated clusters, once they are projected onto a 2D plane. To model the images of indi-
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Figure 3.5. Comparison of integrated photometry for stochastic cluster models
(t = 100Myr, M = 1000 M) generated using different isochrone sets. Shown are
1000 IMF sampling realisations, each produced with PARSEC-COLIBRI, MIST, and
BaSTI isochrones (indicated above each corresponding column). Top panels present
two-colour diagrams, and bottom panels show colour-magnitude diagrams.

vidual stars, we use the TinyTirrE] package, which enables the modelling of PSFs for
various HST instrument and passband combinations. Although the use of empirically
constructed PSFs is recommended instead — since TinyTim is no longer updated and
real PSFs evolve over time due to changes in HST instrument performance — we con-
sider that TinyTim PSFs are sufficient and appropriate for the purposes of this study.
This is because integrated cluster photometry is performed using apertures that are
much larger than the full width at half maximum of these PSFs, such that small-scale
differences in PSF structure have negligible effect on the total measured flux.

Each individual star is simulated by scaling the corresponding TinyTim PSF with
star’s total flux in a given passband, resulting in pixel flux values expressed in e /s.
The total flux of a star in a given photometric passband (F g, pow) is calculated as:

Fslar, FIW = 1070‘4.(F‘]W7F?W0), (31 1)

where F7W is the stellar magnitude in a given passband and F'?Wj is the correspond-
ing photometric zeropoint. Zeropoints for the ACS camera were obtained using the
ACS Zeropoints Calculatoﬂ while zeropoints for both channels of WFC3 were taken
from the Space Telescope Science Institute (STScIﬂ Artificial cluster images were

2https://www.stsci.edu/hst/instrumentation/focus-and-pointing/focus/
tiny-tim-hst-psf-modeling

Jhttps://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints

4https ://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/
photometric-calibration

38


https://www.stsci.edu/hst/instrumentation/focus-and-pointing/focus/tiny-tim-hst-psf-modeling
https://www.stsci.edu/hst/instrumentation/focus-and-pointing/focus/tiny-tim-hst-psf-modeling
https://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints
https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration
https://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/photometric-calibration

generated within 15 X 15” frames, corresponding to ~57 X 57 pc at the distance of
M 31. The resulting cluster images are stored in FITS file format.

3.5 Sample of cluster models

Here, we briefly present the sample of star cluster models used for the analysis in the
following Chapters of this thesis. Using the algorithm described above, we generated
a large grid of star cluster models and their corresponding images, covering the pa-
rameter space characteristic of real clusters observed in the disc of M 31 (Sableviiate
et al.|20006l 2007; [Vansevicius et al.[2009; Johnson et al.|2015] [2016|[2022). It consists
of 1400 grid nodes defined by combinations of four parameters: cluster initial mass,
log,,(M/Mp); age, log,,(t/yr); EFF power-law slope, y; core radius, r., measured in
arcsec. The values of these parameters are listed in Table[3.1} Each grid node contains
100 generated artificial clusters.

To evaluate, for the first time, uncertainties in cluster aperture photometry aris-
ing from the randomness of cluster projection along the line of sight (investigated in
Chapterf)), we constructed a sub-grid of 500 nodes. For each of the 100 artificial clus-
ters in these nodes, we generated 100 different 2D projections, to imitate observations
from 100 viewing angles. The same set of 100 random projection angles, drawn from
a uniform distribution over the unit sphere, was applied to all of these clusters. Taking
into account the six passbands used in the PHAT survey, this resulted in more than
3 x 107 images. The parameters defining these 500 grid nodes are listed in Table

Additionally, to investigate the effects of sky background on cluster completeness
limits and detection reliability (Section[5.4), we generated a separate set of artificial
clusters using the same modelling approach. Because the analysis required densely
sampling the parameter space, rather than evaluating cluster properties only at discrete
grid points, we constructed a continuous sample of 20 million artificial clusters. Their
images were generated only in the F475W passband to keep the computational costs
manageable. Parameter ranges for these models are given in Table[3.3
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Table 3.1. Parameters of artificial star clusters. Their combinations define the nodes
of the main model grid, each node containing 100 cluster models.

Parameter

Values

log,,(M/Mo)

log,(t/yr)

re

Y

2.0,25,3.0,3.5,4.0,4.5,5.0
6.5,7.0,7.5,8.0,8.5,9.0,9.5, 10.0
0.05”,0.10”,0.20”, 0.40”, 0.80"
22,2.4,2.8,35,7.0

Table 3.2. Parameters of artificial star clusters. Their combinations define the sub-
grid nodes, each containing 100 cluster models and 100 viewing angles per cluster.

Parameter Values

log,((M/Mg) 2.0,2.5,3.0,3.5,4.0

log,o(t/yr) 7.0,8.0,9.0, 10.0

Te 0.05”,0.10”,0.20”, 0.40”, 0.80”
y 2.2,24,2.8,3.5,7.0

Table 3.3. Parameter ranges for the continuous sample of 20 million models in

F475W passband.

Parameter Range of values

log;((M/Mg) 2.4-4.1
log,o(t/yr) 6.5-10.1

Te
Y

0.05”-0.6"
2.1-4.1
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Chapter 4

Theoretical limits of star cluster
aperture photometry

The content of this chapter is based on|Daugevicius et al.|(2024)).

Aperture photometry is an excellent tool for studying large samples of star clusters
in the local Universe, enabling the derivation of their parameters and the reconstruc-
tion of star formation histories in disc galaxies, as highlighted in Chapter[2] Previous
studies (e.g., [Fouesneau & Lancon|2010; [Beerman et al.|[2012; |Anders et al.|2013}
de Meulenaer et al.|[2013} 2017) have provided important insights into certain limita-
tions and uncertainties in the integrated photometry methods, particularly those arising
from stochastic sampling of the IMF. However, the overall maximum accuracy of this
approach and its fundamental limits remain to be characterised in a consistent and ho-
mogeneous way. A clear understanding of these intrinsic precision limits, which are
primarily driven by stochastic effects, is essential to avoid over-interpreting observa-
tional data when studying the formation and evolution of star clusters and their host
galaxies.

In this Chapter, we aim to estimate achievable accuracy limits of aperture pho-
tometry for star cluster studies in the local Universe. To achieve this, we employ the
cluster models described in Chapter[3} The fact that we had simulated images of the
same clusters observed from various viewing angles allows us, for the first time, to
systematically assess the uncertainties in cluster aperture photometry introduced by
projection effects, i.e. the random orientation of clusters towards our line of sight.

We stress that all experiments presented in this Chapter are performed under ide-
alised conditions, with no sky background included in the cluster images. This means
that all derived uncertainties and distorting effects discussed are at their minimum.
The inclusion of any precision-limiting factors, such as sky background or contami-
nation from bright resolved field stars, would further increase reported uncertainties,
especially in the case of low-mass clusters. In other words, the results presented in
this Chapter represent the most optimistic accuracy limits of aperture photometry for
studying star clusters in the local Universe. Nonetheless, establishing these limits of
precision is crucial for interpreting derived cluster properties, various relations among
different parameters, and assessing the reliability of inferred star formation histories
in nearby galaxies.

Before proceeding, we emphasise that clusters younger than 10 Myr are typically
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dominated by the MS O-B type stars, as RSGs and YSGs are generally still absent
at these ages. Therefore, IMF-related stochastic effects in such systems are much
weaker. However, these clusters are omitted from the following analysis in this Chap-
ter because of more complex analysis required due to their location within natal star-
forming clouds, from which they emerge on timescales of ~5-10 Myr (Knutas et al.
2025} Pedrini et al.|2026)), and which introduce differential extinction effects, and en-
hanced density of bright resolved field stars.

4.1 Measuring stochastic cluster models

To investigate how stochastic effects limit the accuracy and applicability of the aper-
ture photometry method for star cluster studies, we measured artificial cluster images
(described in Chapter[3) following procedures similar to those applied by Naujalis
et al.| (2021) and Kriscitnas et al.| (2023)). All photometric measurements were per-
formed using tools from the Python library photutil which is designed for pho-
tometric analysis of astronomical sources.

First, we measured radial flux growth curves (FGCs) up to an aperture radius (Rjp)
of 7.0” (corresponding to ~27 pc at the distance of M 31), using a step size of 0.02”.
All apertures were centred on the central pixel of the frame. This procedure was
performed in all six modelled passbands, allowing us to derive photometric properties
of artificial clusters — fluxes, magnitudes, and colour indices (Cls) — for apertures of
arbitrary radius up to 7.0”. FGCs also enable the determination of radii enclosing a
given fraction of the total cluster flux, denoted as Rx. These radii are referred to as
cluster structural parameters (or simply R parameters) hereafter, as their values and
ratios provide information on cluster size, radial structure, and concentration. In this
notation, X represents the percentage of total flux enclosed within a circular aperture
of radius Ry.

The analysis of FGCs allows us to investigate how stochasticity in stellar mass
and spatial distributions, as well as random cluster orientation, affects cluster aperture
photometry and derived structural parameters. In Fig.[.1] we show FGCs and colour
images of the same simulated cluster observed from three different viewing angles.
This figure demonstrates that, in addition to IMF and spatial distribution stochasticity,
the orientation of a cluster along the line of sight can also evidently influence the shape
of FGCs and the resulting structural parameters.

4.2 Photometric cluster properties

In this section, we investigate how the stochastic effects in low-mass star clusters,
together with the choice of aperture size, influence measurements of cluster photo-
metric parameters. IMF stochasticity, combined with methodological uncertainties
are the key factors limiting the maximum achievable accuracy, reliability, and appli-
cability of the aperture photometry method for deriving cluster physical and structural
parameters.

First, we examine the impact of stochastic stellar sampling on integrated cluster
magnitudes. In Fig.[.2] we show the median F475W magnitude, along with the 16th
and 84th percentiles, depending on cluster mass and age. We find that at young ages

]https://doi .org/10.5281/zenodo. 596036
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Figure 4.1. Flux growth curves (FGCs) in the F475W passband for an artificial star
cluster (log,y(t/yr) = 8.0, log,,(M/Mp) = 3.0, r. = 0.2”, and 7y = 2.8) observed from
three different viewing angles. The colour images are 15 x 15" frames constructed
by combining F336W, F475W, and F814W data as blue, green, and red channels,
respectively, assuming the distance of M 31. Dashed vertical lines indicate the half-
light radii measured for each projection.

(log,,(t/yr) < 7.0), clusters with masses log,,(M/Mg) < 3.5 exhibit a large scatter in
magnitudes, with 16-84 percentile intervals exceeding 1 mag. This suggests that, at
such ages, mass estimates based on aperture photometry may be subject to substantial
uncertainties, since integrated optical magnitude often serves as a key constraint in
determining cluster mass. It is noteworthy that at log,,(¢/yr) = 7.0, the 16-84 per-
centile ranges for clusters with log;,(M/My) = 2.0 and log,,(M/My) = 2.5 partially
overlap. Given that these masses differ by a factor of ~3, this indicates that mass es-
timates based within this range can be particularly uncertain. However, we note that
such uncertainties could potentially be reduced if additional constraints on cluster age
are obtained, for example through CMD fitting.

These low-mass cluster at ages ¢ < 100 Myr are of particular interest. In our cluster
model sample, only ~5% and ~10% of clusters with masses log,,;(M/Mgy) = 2.0
and 2.5, respectively, contain PMS stars at log,(¢/yr) = 7.0. At log,,(t/yr) = 8.0,
these fractions increase to ~11% and ~37%. This indicates that, for the mass and
age ranges considered, large magnitude variations (with 16-84 percentile ranges of
~1.0-2.3 mag) are primarily driven by stochastic sampling of the upper MS.

At higher masses and older ages, the MS becomes well-sampled, and sparsely pop-
ulated PMS evolutionary phases dominate the stochastic variations in integrated clus-
ter photometry. In general, these variations decrease with age up to ~1 Gyr for all con-
sidered cluster masses, but increase again by 10 Gyr. This behaviour can be explained
by the fact that the MSTO becomes relatively faint at old ages (e.g., F475W ~ 28.9 at
the distance of M 31, according to PARSEC-COLIBRI isochrone of 10 Gyr), and the
cluster luminosity becomes dominated by stars in the stochastically populated RGB.
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Figure 4.2. Apparent F475W magnitudes of star clusters at the distance of M 31
depending on their mass and age. The central value in each cell represents the me-
dian F475W magnitude for a given mass and age combination; meanwhile the upper
and lower values show the 16th and 84th percentiles, respectively. Magnitudes were
measured using a circular aperture of radius Ry, = 7.0”.

The values presented in Fig.[4.2]can serve as a useful first-order approximation of
completeness limits when analysing star cluster data from the M 31 PHAT
and the M 33 PHATTER (Johnson et al.|2022) surveys. For exam-
ple, when studying low-mass end of the cluster mass function, these results can help
define a lower mass threshold above which the mass function can be reliably recov-
ered without significant selection effects arising from limited catalogue completeness.
These estimates can also be extended to studies of star cluster populations in more dis-
tant galaxies observed with HST (e.g.,[Scheepmaker et al|2007; Bastian et al.|2012}
[Adamo et al|[2017; [Cook et al|[2019; Brown & Gnedin|[2021}; [Deger et al.|2022),
provided that appropriate distance corrections, photometric transformations between
passbands, and other systematic effects are properly accounted for. In addition, these
results can provide a useful reference when planning and estimating achievable survey
depth and scientific capabilities of future star cluster studies with current state-of-the-
art and upcoming observatories. A prime example is the Roman Space Telescope
and proposed large-scale programmes, such as the Roman Infrared Nearby Galaxies

Survey (RINGS; [Williams|2022}; [Thob et al|2025).

A more qualitative assessment of the impact of stochastic stellar sampling on clus-
ter photometry is presented in Figsf.3|and 4] There we show TCDs and CMDs of
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Figure 4.3. Two-colour diagrams of stochastic star cluster models. Each panel shows
aperture photometry results for different combinations of cluster mass (indicated
above the panels) and age (indicated to the right). The definitions of the G1 and G2
cluster groups are provided in the text. Black lines represent PARSEC-COLIBRI non-
stochastic SSP models with solar metallicity, spanning ages from 10 Myr to 12.6 Gyr
(Bressan et al.|2012; Marigo et al.|2017). Solid lines mark SSP models without in-
terstellar extinction; dashed lines — with interstellar extinction of Ay = 1, calculated
using the extinction law of [Fitzpatrick (1999). Green diamond markers in bottom right
panel shows four age-points of the non-stochastic SSP models. Photometric measure-
ments were performed using circular apertures with a radius of Ry, = 3.0”.

artificial clusters, with each panel corresponding to a different combination of initial
cluster mass and age. Here, we divide clusters into two groups. The first group, de-
noted as G1, consists of clusters that do not contain any PMS stars, while the second
group, G2, are those clusters that host at least one evolved PMS star. For comparison,
non-stochastic SSP models with solar metallicity, based on PARSEC-COLIBRI stellar
evolution models (Bressan et al.|[2012; [Marigo et al.|2017), are also shown. A gen-
eral inspection of these diagrams reveals that low-mass clusters (log,,(M/My) < 4.0)
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Figure 4.4. Same as in Fig. , but showing colour-magnitude diagrams.

exhibit large scatter in their photometric properties due to stochastic effects, with CIs
and fluxes spanning multiple magnitudes. This behaviour is consistent with earlier
studies of stochasticity in star cluster photometry (e.g., Deveikis et al|2008}; [Foues-|
neau & Lancon|2010; [Beerman et al.[2012;|de Meulenaer et al|2013). In general, the
scatter increases for lower cluster masses and younger ages. These results indicate that
stochasticity can introduce significant uncertainties and degeneracies (Worthey|[1994;
[Bridzius et al.[2008; |[de Meulenaer et al.|2014) in the derived cluster parameters, such
as age, mass, extinction, and metallicity. As seen in Figs[d.3| and 4.4} the brightest
clusters with masses log;,(M/Mg) = 2.5-3.5 can exhibit very similar colours and
magnitudes in the visual to near-infrared wavelengths despite differences in their ini-
tial mass. This can make it difficult to disentangle cluster physical properties using
integrated photometry alone.

Importantly, Figsf.3] and 4] reveal that, for low-mass star clusters younger than
t < 1Gyr, the stochastic nature of the IMF gives rise to two photometrically dis-
tinct groups of clusters — G1 and G2. The distinction between these two groups is
particularly pronounced at young ages (¢ < 100 Myr), but diminishes rapidly with
increasing age. As the MSTO mass decreases over time, even low-mass clusters
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(log,o(M/My) < 3.0) are sufficiently populated to include evolved stars.

Furthermore, we find that G1 clusters generally exhibit more consistent and ro-
bust photometric measurements, occupying much smaller and more confined region
in TCDs and CMDs compared to G2 clusters. In contrast, G2 clusters tend to be red-
der, span a wider range of CIs, and are typically brighter. It is important to emphasize
that, for clusters with log,,(M/Mgy) < 4.0, the large photometric differences between
the two groups at young ages are driven by a small number — or, in many cases, a
single — bright evolved PMS star, such as YSGs or RSGs, whose flux can dominate
over the integrated cluster light of the whole remaining cluster. These findings are in
agreement with Beerman et al.|[(2012) and suggest that more reliable photometry of
young, low-mass clusters — and consequently more precise estimates of their physi-
cal parameters — can be achieved if the contributions of such bright evolved stars is
explicitly accounted for, either by subtracting their flux or by avoiding them during
aperture photometry measurements.

In agreement with previous studies (Deveikis et al. 2008} |Bridzius et al.| 2008}
Fouesneau & Lancon/[2010j |Anders et al.|2013; de Meulenaer et al.|2013), Figs@]
and [4.4] also demonstrate that non-stochastic SSP models — commonly used to derive
physical parameters of stellar populations — provide an inadequate approximation for
low-mass star clusters affected by stochastic effects. At young ages (+ < 100 Myr),
non-stochastic SSP models occupy regions of TCDs and CMDs that are sparsely pop-
ulated by stochastic cluster models, often lying between the two stochastic groups, G1
and G2, discussed above. As a result, they poorly represent the photometric properties
of young clusters. At an age of 1 = 1 Gyr, the agreement between non-stochastic SSP
models and stochastic cluster distributions improves; however, even then, stochastic
clusters exhibit substantial scatter, spanning a wide range of non-stochastic SSP model
ages. In addition, in TCDs, the direction of the stochastic spread closely follows the
direction of interstellar reddening, making it difficult to discern the effects of stochas-
ticity and interstellar extinction. Overall, these results further reinforce the established
view that the use of non-stochastic SSP models to derive physical parameters of low-
mass star clusters can be misleading, and that stochastic effects must be accounted for
to obtain reliable estimates of cluster properties.

While stochasticity in low-mass star clusters is a significant and complex issue
— introducing large variations in photometric properties among clusters with iden-
tical intrinsic physical parameters, and thereby hindering their accurate and robust
determination — there are ways to mitigate and, at least partially, reduce these effects.
Previous studies have shown that stochasticity problems can be confined to specific
regions of TCDs (Whitmore et al /2020, see also G1 and G2 groups in Figs.[4.3] and
B.4) or to particular cluster ages (e.g., as discussed above, the strongest effects occur
when RSGs, YSGs, or other bright PMS stars are present). It is also important to note
that stochastic effects can be significantly reduced by incorporating photometric data
from additional passbands, such as ultraviolet, near-infrared (BridZius et al.|[2008}; |de
Meulenaer et al.[|2014)), or Ha (Fouesneau et al.[2012; [Whitmore et al.|[2020, 2023).

More importantly for the purposes of this thesis, Beerman et al.| (2012) demon-
strated that imposing a limiting magnitude — i.e., considering only the flux from stars
fainter than a given threshold, thereby excluding bright evolved cluster members from
aperture photometry — can lead to more accurate determinations of cluster physical
parameters, particularly for low-mass clusters. Although there have been attempts to
account for or subtract individual bright resolved stars in photometric studies of clus-
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ters (Narbutis et al.[[2014), performing accurate stellar PSF photometry in crowded
environments, such as star clusters located in galactic discs, remains extremely chal-
lenging. This makes it difficult to reliably subtract individual bright PMS stars without
compromising the integrity of the remaining cluster measurements. Nevertheless, the
adaptive aperture photometry method described in Section[2.2] may also prove useful
in this context.

As discussed previously, this approach was originally designed to exclude bright
stars from old field stellar populations projected onto the cluster, which can introduce
significant biases in ClIs, typically leading to older inferred ages or higher extinctions,
since such stars are often luminous in the infrared. However, evolved cluster members
can also produce similar effects. As shown in Figs.[d.3] and [4.4] G2 clusters exhibit
systematically redder CIs due to the presence of such stars. Therefore, excluding some
of the evolved cluster members — particularly those located at larger distances from
the cluster centre — from the photometric measurements could possibly result in more
robust CIs and, consequently, more reliable estimates of cluster physical parameters.

While the method was successfully applied to the M 31 star clusters from the
that better match stochastic models than those derived using the traditional aperture
photometry approach, the adaptive aperture technique has not yet been extensively
tested in controlled environments. In this study, we therefore apply the adaptive aper-
ture method to background-free simulated cluster images in order to evaluate its per-
formance under ideal conditions. In particular, we aim to test the key assumption un-
derlying the method — that no significant colour gradients arise as a result of stochastic
effects.

To evaluate potential biases arising from the use of smaller colour apertures (C),
as opposed to the conventional T aperture approach, we define the difference A(CI)rc
between these two measurements as:

A(CI)t¢c = CIt - Clc, “4.1)

where Clr is the colour index measured using T aperture, and Cl¢ is the colour in-
dex measured using the C aperture. These differences for F336W — F475W and
F475W — F814W Cls are shown as a function of the C aperture radius, Rc, and cluster
parameters in Figs.[d.5|and [4.6]

Analysis of these Cls reveals no significant systematic gradients or biases, as the
median A(CI)r¢ remains approximately zero for all C aperture sizes and cluster param-
eters. This justifies the main assumption of the adaptive aperture method. However
despite this, a large scatter in A(CI)rc values persists, decreasing as the R¢ increases,
as indicated by the 16th—84th percentile ranges. More extended clusters — charac-
terised by larger r. and smaller y values — exhibit greater dispersion in A(CI)rc, which
diminishes more slowly with increasing Rc. This trend reflects the higher stochastic
variability in the central regions of less concentrated clusters, where small apertures
capture only a fraction of the cluster’s total light. The observed dependence on C
aperture size implies that smaller apertures lead to greater uncertainties, and therefore
it is generally advantageous to use a C aperture that is large as possible, as long as
bright contaminants do not project within it. For example, |[Naujalis et al.| (2021} and
larger than the cluster’s half-light radius, Rs.

In Figs.[4.5]and [4.6] we see that the scatter in A(CI)rc decreases markedly once
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Figure 4.5. Differences in F336W—F475W colours measured using T and C apertures
as a function of C aperture radius, Rc. The differences for individual simulated clusters
are shown as grey lines. The X-axis represents the C aperture radius, Rc, while a fixed
T aperture radius of Ry = 3.0” is used. Red markers indicate the median A(F336W —
F475W)rc for a given R, with error bars corresponding to the 16th—84th percentile
range. Blue vertical lines mark radii equal to twice the half-light radius, 2 X Rs, for the
corresponding cluster parameters. The top-row panels show the dependence on cluster
mass and age (for clusters with r, = 0.2 and y = 2.8), while the bottom-row panels
show the dependence on radial profile parameters (for clusters with log;,(M/Mgp) =
3.0 and log;,(¢/yr) = 8.0). Panel blocks on the left show results when all cluster
members are included in the photometric measurements, whereas the panel blocks on
the right show results when PMS stars are subtracted prior to aperture photometry
measurements.

the C aperture radius reaches approximately 2 X Rsg. For instance, for clusters with
r. = 0.1” andy = 2.4, or r. = 0.2” and y = 2.8, the half-light radii are ~0.4” and
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Figure 4.6. Same as Fig. but showing results for F475W — F814W.

~0.5”, respectively, while a substantial reduction in A(CI)yc scatter — particularly in
F4T75W — F814W — occurs at Rc ~ 0.8-1.0”. Similarly, for more extended clusters
(e.g.,r. =02" andy = 2.4, or r, = 0.4” and y = 3.5), with Rsy ~ 0.7”, the scatter
decreases notably at C aperture radii of ~1.2-1.5”. Based on these trends, a practical
guideline for selecting an aperture for colour measurements is to adopt Rc = 2 X Rsg
to minimise stochastic effects. Nevertheless, we stress that this recommendation may
not be optimal in every case, and we encourage researchers using the adaptive aperture
approach to experiment with aperture sizes tailored to their specific science goals.

We also observe that a number of clusters show particularly large A(CI)yc values,
especially at young ages, for example # = 10 Myr and ¢ = 100 Myr, as illustrated in
Figs.[.5|and .6 In some cases, these differences reach +1.0 mag or more. Impor-
tantly, most of these large colour discrepancies between T and C apertures manifest
as abrupt jumps rather than gradual changes. The majority of these sudden changes
are positive, indicating that measurements with T aperture yield systematically redder
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CIs. Att = 100Myr, F475W — F814W colour appears particularly sensitive to this
effect, exhibiting a larger scatter in A(CI)pc compared to F336W — F475W. These
results suggest that the primary cause of the largest differences between T and C aper-
ture measurements is, once again, the presence of bright red evolved PMS stars. To
test this hypothesis, we subtracted all PMS stars from the simulated cluster images
prior to performing aperture photometry, with the resulting measurements shown in
the right-hand block of panels in Figs.[d.5|and [4.6]

It is evident that after subtracting the PMS stars, the scatter in A(CI)yc is greatly
reduced, abrupt colour jumps largely disappear, and the differences between T and
C aperture measurements are generally close to zero, typically within +0.1 mag (as
shown by percentile ranges). The main exception occurs for the youngest, lowest-
mass clusters (log;,(t/yr) = 7.0; log,((M/Mg) < 3.0). In these cases, even after
removing evolved stars, the A(CI)t¢ scatter remains substantial, reaching around +0.5
mag and occasionally exceeding this. The scatter is slightly skewed towards negative
values, indicating that C aperture measurements now produce redder colours than T
aperture measurements. This reflects the stochastic sampling of the upper MS effect:
in young, low-mass clusters, if the brightest MS stars lie outside the C aperture, it may
produce significant differences between T- and C-based colours. Therefore, caution
is advised when applying the adaptive aperture photometry method to very young
clusters, as excluding the brightest MS stars can bias colours towards the red and lead
to inaccurately derived physical parameters, namely age and extinction.

In the context of this thesis, it is worthy to consider that studies by [Fleck et al.
(2006) and |Gaburov & Gieles| (2008) have shown that if a strong mass segregation
within a cluster is present, it can produce measurable radial colour gradients of up to
0.1-0.2 magin V — I or V — K for young (¢ < 100 Myr) star clusters. In such cases,
the adaptive aperture method may be inadequate as it can introduce small but non-
negligible biases in cluster colour measurements. However, |Gaburov & Gieles|(2008])
demonstrated that for clusters of age t = 10 Myr, a minimum mass of log;,(M/Mgy) =
5.7 is required for colour gradients caused by mass segregation to be distinguishable
from stochastic variations. This implies that, for low-mass clusters, the key assump-
tions of the adaptive aperture photometry are reasonable and remain well justified.

Overall, the adaptive aperture photometry method provides a way to obtain more
robust and consistent colour measurements. In particular, an appropriately chosen
aperture can help exclude bright background stars and, in some cases, individual
evolved cluster members located in the outer regions, whose inclusion would oth-
erwise increase the uncertainty of derived parameters, as demonstrated by Beerman
et al.|(2012)). This approach is especially effective for studies of low-mass star clusters
in the local Universe, extending to distances of ~5 Mpc when high-resolution imag-
ing from modern space-based observatories is available. At the resolution of HST
— and comparable current or forthcoming facilities — bright field stars and evolved
cluster members can be effectively excluded through a suitable choice of C aperture.
Consequently, this method is well suited for studying star clusters in nearby galaxy
discs, such as M 31 (Johnson et al.|2015)) and M 33 (Johnson et al.|[2022)), as well as in
more distant systems observed in large-scale HST surveys, including LEGUS (Adamo
et al.|2017; /Cook et al.[2019) and PHANGS-HST (Lee et al.|2022} Deger et al.|2022).
Nevertheless, we emphasise that the adaptive aperture method is not universally opti-
mal. Its effectiveness depends on a careful, case-specific choice of apertures, which
can be non-trivial in complex environments. We suggest exploring multiple aperture
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configurations to identify the most suitable approach for a given scientific objective,
and caution that any guidelines presented in this study or Naujalis et al.| (2021) and

T

Kriscitnas et al.|(2023) should not be applied uncritically.

4.3 Uncertainties of cluster photometry

Next, we aim to evaluate the intrinsic limits on the accuracy of cluster aperture pho-
tometry by examining different sources of uncertainty separately. One of the under-
lying contributions comes from statistical photometric errors associated with uncer-
tainties in choosing aperture centring and size. We evaluate these effects following a
procedure similar to that used by Naujalis et al| (2021) and KriScianas et al.| (2023)).
For this purpose, photometry was performed at nine slightly different positions by se-
lecting a 3 x 3 grid of central pixels (at the pixel scale of the HST ACS/WFC camera,
where 1 pixel=0.05", or ~0.2 pc at the distance of M 31) in each simulated cluster im-
age and centring the aperture on each of them. At every position, measurements were
carried out using an aperture of the same radius, as well as two additional apertures
with radii offset by =1 pixel. In this way, for each cluster and its different projections,
we obtained a set of 27 measurements of magnitudes and CIs for a given aperture
radius. The resulting scatter in these measurements reflects the combined effect of
aperture placement and size variations. We quantify this scatter as half of the 16th—
84th percentile range, which is denoted as ospr.

Our approach of generating 100 independent realisations, i.e., producing 100 indi-
vidual stochastic clusters in every node of the grid (clusters with identical age, mass,
7, ¥) by stochastically sampling both the IMF and spatial distributions of stars, al-
lowed us to quantify the scatter in photometric parameters arising from these stochas-
tic effects (GEN). We estimate this scatter as half of the 16th—84th percentile range
of the resulting measurements for a given node, using an aperture of fixed size. This
quantity is denoted as oGgn.

Furthermore, since for a subset of clusters (see Table[3.2)) we generated images
corresponding to 100 different viewing angles, thereby mimicking variations in line-
of-sight projection, this allowed us to assess the impact of projection effects (ROT) on
photometric measurements. We quantified the resulting scatter in cluster photometric
parameters as half of the 16th—84th percentile range of measurements obtained from
these different viewing angles. We refer to this source of uncertainty as oror-

In Fig.[d.7] we present uncertainties arising from these three sources for the F336W—
F475W and F475W — F814W colours, shown as a function of aperture radius for
four representative combinations of cluster age and mass (log;,(t/yr) = 7 and 10;
log,,(M/Mgp) = 2 and 4). We use models with radial profile parameters of r. = 0.2”
and y = 2.8, which are consistent with typical star clusters in the discs of nearby
galaxies (e.g.,|[Larsen|2004; Scheepmaker et al.|2007; Mora et al.[2009; |Bastian et al.
2012; Ryon et al.|2017; Brown & Gnedin/2021)), including those observed in M 31
(Sableviéiﬁté et al.|[2006, [2007; |Vansevicius et al.|2009). All three sources of uncer-
tainty show a rapid decline with increasing aperture size, with the steepest decrease
occurring in the aperture size range R,, = 0.5” to 1.0”. Beyond this, the uncertain-
ties gradually stabilise, reaching an approximately constant value at R,, 2 1.5”. At
such aperture sizes, the contribution from projection effects oror becomes negligi-
ble, dropping below ~0.01 mag. However, in [Naujalis et al.| (2021) and Kris¢itinas
et al.| (2023) studies of PHAT clusters, the adopted C aperture radii are often smaller
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Figure 4.7. Star cluster aperture photometry errors and uncertainties of F336W —
F475W (left column) and F475W — F814W (right column) ClIs as a function of aper-
ture radius, R,p. The top panels show the median uncertainties associated with aper-
ture positioning and size effects (o apr); the middle panels — the median scatter due
to projection effects (oror); bottom panels — the median scatter arising from stochas-
tic stellar IMF and the spatial distribution sampling (o0 ggn). Results are shown for
clusters with radial profile parameters r. = 0.2”” and y = 2.8, for four different combi-
nations of cluster age and mass (see legend).

than 1.5”. As a result, projection effects can still contribute non-negligibly to the to-
tal photometric uncertainty and thus limit the achievable measurement accuracy. For
more compact clusters, uncertainties from all three sources considered are generally
smaller, particularly with apertures R,, < 2. In contrast, more extended clusters re-
quire larger apertures for the uncertainties to stabilise and reach a roughly constant
level (see Figs.[A3]and [A4]in the Appendix).

The key takeaway from these results is that uncertainties driven by GEN and
ROT effects — with GEN typically dominating — are significantly larger than those
introduced by aperture positioning and size biases (APT). This indicates that, under
ideal conditions where background noise and field star contamination are perfectly ac-
counted for, IMF stochasticity sets the fundamental limit on the accuracy of aperture
photometry approach for star cluster studies. Nonetheless, it is important to recog-
nise that the random uncertainty sources discussed here, are not the only limitation.
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Systematic effects, most notably degeneracies between cluster physical parameters
(Worthey|| 1994} Bridzius et al.| 2008} Whitmore et al.|2023)), can also play a crucial
role. In certain regimes, such as old globular clusters or very young embedded clus-
ters, these systematic effects may even dominate over stochastic photometric errors,
ultimately being the primary limiting factor of the reliability of derived parameters.

We stress that projection effects represent a noticeable fraction of the total pho-
tometric error budget, and may require consideration in some particular cases. For
example, in HST-based studies, for clusters of typical sizes at the distance of M 31,
and for apertures with radii R,, < 1.5”, these effects can introduce average colour
uncertainties of up to ~0.05 mag for typical M 31 clusters, and up to ~0.1 mag in in-
dividual cases, depending on cluster properties and the presence of PMS stars. Their
impact is reduced for more massive and compact clusters, particularly when evolved
stars are absent. We note that while increasing the aperture size helps to reduce the im-
pact of projection effects, it also increases the likelihood of contamination from bright
field stars, potentially degrading the overall photometric quality. Therefore, as dis-
cussed in previous section, the optimal aperture choice depends on the specific cluster
characteristics, its environment, and the scientific goals, thus should be determined for
each case individually.

4.4 Accuracy of cluster physical parameter determina-
tion

In this section, our goal is to assess the limits on the accuracy of cluster physical pa-
rameter determination based on aperture photometry, as imposed by stochastic effects
in star clusters. We consider three parameters: age, mass, and interstellar extinction,
defined as colour excess E(B — V). For this purpose, we analysed a subset of artificial
clusters and their photometric measurements. The parameters of the selected cluster
models are listed in Table@ In total, the analysis includes 1920 simulated clusters —
20 models for each of the 96 grid nodes.

Table 4.1. Parameters of cluster models used in physical parameter determination
tests.

Parameter Values
log,((M/My) 2.5,3.0,3.5,4.0
log,o(t/yr) 7.0, 8.0,9.0,10.0
Te 0.10”7, 0.40”

y 2.2,2.8,7.0

For the parameter determination tests, we used photometric measurements of arti-
ficial clusters in all six modelled passbands, obtained with four apertures of following
radii: Ry, = [0.57,1.07,2.0”,7.0”]. Each of the 1920 simulated clusters was mea-
sured using all four apertures. Cluster physical parameters — mass, age, extinction
— were then derived by comparing these aperture photometry measurements with a
large library of integrated photometry of stochastic cluster models. For this purpose,
we adopted the method described in|de Meulenaer et al.| (2013,2017) (see Section@.

The cluster model grid used for parameter determination spans the following ranges:
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age from log,,(z/yr) = 6.0 to 10.3 in steps of 0.02; mass from log;,(M/My) = 2.0 to
7.0 in steps of 0.05; extinction from E(B—V) = —0.03 to 1.5 in steps of 0.01, assuming
solar metallicity. This results in ~4x 10° grid nodes, with each node containing 10 000
stochastic clusters, yielding a total of ~4 x 10'° models. Parameter probabilities for
each of the 1920 test clusters, measured through the four aforementioned apertures,
were computed following Eqs.[2.T]and 2.2] The final cluster parameters were derived
by selecting that parameter combination which corresponds to the maximum likeli-
hood value.

To evaluate the accuracy of the derived parameters, we calculated the differences
between the recovered and input values:

o Alogo(t/yr) = log,o(t/yr) = log;o(t/yr)input
e Alog,((M/Mp) = log;((M/Mp) — log;q(M/Mpg)input
o AE(B-V)=EB~-V)-E®B- V).

Initially, we performed a preliminary analysis using two E(B — V)ippu values, 0.0
and 0.5 mag. However, as the differences between the results for these two input
values were found to be negligible, further we discuss only the results obtained for
E(B — V)inpu = 0.0 mag.

In Fig.[4.8] we present the main results of the cluster parameter determination
tests, where we show the median differences between recovered and input parameters
versus cluster age. No significant variations were found in either the median values
or the scatter of Alog,,(¢/yr), Alog,,(M/My), and AE(B — V) when using apertures
with radii R,, = 1.0”, 2.0”, and 7.0”. Likewise, these parameter differences show
no clear dependence on the structural parameters r. and y. Therefore, we combined
the results obtained from these three apertures into a single dataset, shown by blue
open circles and lines in Fig.[4.8] Each data point in this case represents 480 artificial
clusters measured through three aforementioned apertures, corresponding to a total of
1440 parameter differences. However, results obtained using the smallest aperture,
R,p = 0.5”, exhibit noticeably contrasting distributions of parameter differences when
compared to results for other three apertures. Therefore, we present R,, = 0.5” results
separately, marked by red open circles and dashed lines. Here, each data point corre-
sponds to 480 artificial clusters. Error bars denote the 16th—84th percentile range of
the respective parameter difference distributions.

A clear trend visible in Fig.[4.8]is the lower parameter accuracy when using the
smallest aperture, R,, = 0.5”, compared to results based on measurements with larger
apertures. For R, = 0.5” case, the medians of the parameter differences show signif-
icant offsets from zero, indicating the presence of systematic biases. It is also evident
that results based on larger apertures are unbiased, with median values close to zero,
and scatter being relatively small. This suggests that the distributions of parameter
differences are much narrower for larger apertures, indicating higher precision and
overall more reliable cluster parameter estimates.

We find that at + = 10 Myr, the medians of Alog,,(¢/yr) and Alog,,(M/My) are
both shifted by approximately +0.2 dex, indicating that older ages and higher masses
are systematically inferred. This behaviour is expected, as an overestimation of age
requires a corresponding increase in mass to match the observed integrated flux. This
suggests that the use of such small apertures, R,, < 0.5”, for clusters at the distance of
M 31 can introduce additional parameter degeneracies. More generally, it is evident
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Figure 4.8. Results of star cluster physical parameter determination tests, shown as
differences between the recovered and input parameter values. Panel a) presents age
differences; panel b) shows mass differences; and panel c) displays colour excess,
E(B - V), differences. Red open circles mark median parameter differences derived
from measurements obtained with an aperture of R,, = 0.5”. Blue open circles rep-
resent median differences based on measurements with apertures R,, = 1.0”, 2.0”,
and 7.0”, combined into a single dataset. Error bars indicate the 16th—84th percentile
ranges. For clarity, markers and connecting lines are slightly shifted along the X-axis
relative to the original input value.

that the usage of such small apertures is not advised. This is consistent with the con-
straints applied for adaptive aperture method by Naujalis et al.|(2021) and |KriSc¢itnas
et al.| (2023), which we already discussed in Section@ While these previous studies
demonstrated that adopting such rule leads to more robust photometric measurements,
here we show that it also leads to more accurate determination of cluster physical pa-
rameters.

Importantly, we notice that parameter determination for + = 10Myr clusters is
problematic regardless of the aperture size, even when using R,, = 7.0”, which en-
sures that the total cluster flux is fully enclosed in for the most of our models. At this
age, the 16th—84th percentile range of Alog,(¢/yr) is ~0.7 dex when using R,, = 0.5”
aperture, and reaches ~0.2 dex even when larger apertures are used. A similar be-
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haviour is observed for Alog;,(M/My), where the spread spans ~0.7 dex for the small-
est aperture, and reaches ~0.3 dex even for R,, > 1.0”. This is due to the strong impact
of stochastic sampling of short-lived, luminous massive stars at young ages, whose
presence or absence can dominate the integrated light and thus significantly affect the
inferred physical parameters. In contrast, AE(B — V) exhibits a different trend, with
the lowest accuracy found for the oldest, t = 10 Gyr, clusters.

Overall, these results reinforce the idea discussed in Section (see also Figs.j4.3
and [4.4) that physical parameters of young star clusters derived from aperture pho-
tometry alone can be of limited accuracy. Considering that our analysis in this Chap-
ter is based on idealised conditions without sky background (its effects are explored
in Chapter@, in realistic observational environments, the achievable accuracy is ex-
pected to be even lower. In agreement with Johnson et al.|(2022), our findings indicate
that for resolved and semi-resolved young clusters (¢ < 40 Myr), more reliable param-
eter estimates can generally be obtained using CMD-analysis-based methods (Dol-
phin|2002; Johnson et al.|2016; Ceponis et al.|[2024; |Zheng et al.[2025)), rather than
techniques relying solely on integrated photometry (Fioc & Rocca-Volmerange|1997;
Deveikis et al.|2008}; [Fouesneau & Lancon|[2010;/de Meulenaer et al.|[2013} [Fouesneau
et al.|2014; [Krumbholz et al.|[2015; [de Meulenaer et al.|[2017). We suggest that ide-
ally, the most robust constraints on physical parameters of young clusters (¢ < 1 Gyr)
can be obtained by combining information from both CMD analysis and integrated
photometry, when it is available. Finally, it should be emphasised that the accuracy
of derived parameters also depends on the choice of stellar evolution and population
synthesis models, since — as discussed in Section[3.3]- systematic differences between
models can be substantial in some cases.

4.5 Uncertainties of cluster structural parameters

Our ability to study the dynamical evolution of extragalactic star clusters relies on the
accuracy of their structural parameters. Thus, we examine how the stochastic effects
in low-mass clusters influence the uncertainties of structural parameters derived from
FGCs. For this purpose, we define the scatter in structural parameters arising from
stochastic sampling of the IMF and stellar spatial distribution (oggn), as well as from
projection effects (oror), following the same approach as we did for photometric pa-
rameters in Section@ In both cases, the scatter is quantified as half of the 16th—84th
percentile range. Since the R parameters and their ratios depend strongly on the input
EFF model parameters, we express these uncertainties in relative terms. Specifically,
we define dgpn and dror as the ratios of oggn and ogror to the corresponding struc-
tural parameter median values, expressed in percent. We emphasise that the following
analysis is based on structural parameters determined from FGCs in F475W pass-
band, as this filter in the PHAT survey offers the best signal-to-noise and relatively
low contamination by resolved field stars.

In Fig.@], we present dgen and dror as functions of cluster age for the structural
parameters Rsg, R30/Rs0, Rso/Rso, considering three cluster masses (log;,(M/Mg) =
2, 3, and 4). There we use models with EFF profile parameters . = 0.2"” and y = 2.8,
which are representative of young clusters in galactic discs. The results show that
GEN effects introduce substantial variations in the estimated cluster size, Rs, despite
identical input parameters. This effect is particularly strong for very young clusters:
at t = 10Myr, 6gen exceeds ~40% across the entire mass range considered here.
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Figure 4.9. Relative uncertainties (in percent) of star cluster structural parameters as a
function of cluster age. The left column shows median uncertainties due to stochastic
sampling of the IMF and stellar spatial distribution, dggn, While the right column
presents uncertainties arising from cluster projection effects, 6ror. The top row shows
the Rsg, the middle row — the ratio R3y/Rso, and the bottom row — Rsg/Rgy. Results
are shown for clusters with . = 0.2 and y = 2.8, for three different cluster masses
(see legend). For visual clarity, blue and red markers and connecting lines are slightly
offset along the X-axis relative to the input age values.

GEN effects produce Rsy uncertainties of 220% for clusters with log,,(M/Mg) < 3
over the studied age interval. Only more massive clusters (log,((M/Mg) = 4) at
intermediate ages (100 Myr and 1 Gyr) exhibit significantly smaller uncertainties, with
Ogen dropping below 10%.

In contrast, ROT effects introduce smaller uncertainties in the FGC-based esti-
mates of Rs, than those caused by GEN effects across the full range of cluster masses
and ages considered here. For clusters with log,,(M/Mg) > 3, dror decreases below
10% at ages log,,(t/yr) > 8. At the youngest ages (log,,(¢/yr) = 7), however, dror
remains higher, ranging from ~10% to 20% depending on cluster mass. The lowest-
mass clusters, log;,(M/Mg) = 2, consistently exhibit the largest uncertainties due to
projection effects, with oror staying at ~20% across the entire age range.

A comparison of the two structural parameter ratios considered here, R3p/R5o and
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Rs0/Rgo, reveals that uncertainties induced by both GEN and ROT effects are consis-
tently larger for Rso/Rjg ratio across all examined ages. For log,,(M/Mg) < 3 clusters,
GEN effects result in uncertainties of ~10-30% for R3y/Rso and ~20-60% for Rsy/Rygp.
In the same mass range, ROT effects introduce smaller variations, typically ~5-15%
and ~10-25% for R3y/Rso and Rso/Rgp, respectively. At ¢ = 10Myr, uncertainties
for all considered cluster masses are dgen = 20% for R3y/Rso and dgeny = 40% for
Rs0/Rgp. In contrast, ROT effects at this age remain moderate, producing uncertainties
of ~10% and ~15% for R3y/Rso and Rsy/Rg, respectively. Overall, these results sug-
gest that R39/Rs is a more robust tracer of cluster structural profile and compactness
than Rsy/Rgo when using FGC-based measurements. This likely reflects that the outer
cluster regions are more susceptible to stochastic fluctuations, which more strongly
affect parameters involving larger radii.

Figure[d.9)demonstrates that FGC-based structural parameters are generally more
robust for higher mass clusters, with the exception of the youngest systems. In most
cases, uncertainties driven by both GEN and ROT effects decrease with age up to
~1 Gyr, before increasing again at 10 Gyr. An interesting deviation from this be-
haviour is observed for the lowest mass clusters (log,;(M/Mg) = 2), where dror
exhibits an opposite age dependence for R3y/Rsy and Rsg/Rgo. This trend can be ex-
plained in terms of stellar content: at very young ages (~10Myr), such low-mass
clusters are unlikely to host stars that are massive enough to have left the MS. But
as the cluster ages and the mass at the MSTO decreases, evolved PMS stars begin to
appear and can dominate the cluster flux. The stochastic presence of these dominant
evolved stars increases the uncertainty of structural parameters, as the shapes of the
low-mass cluster FGCs are highly sensitive to the spatial distribution of such stars
within the cluster.

In Fig.@ we present the relative uncertainties, dggn and dror, for Rsg, R30/Rso,
Rs0/Rgo, as functions of cluster core radius, .. The results are shown for three values
of the EFF profile slope (y = 2.2, 2.8, 7.0), using models with log;,(M/My) = 3 and
log,,(t/yr) = 8, representative of typical star clusters in M 31. In general, uncertainties
coming from both sources are lower for more compact (i.e., smaller r. and larger y)
clusters, indicating that more robust structural parameters can be determined for more
concentrated objects. However, clusters with shallow profiles (y = 2.2) exhibit a
different behaviour: in this case, the relative uncertainties, particularly dggn, decrease
with increasing r, value. A similar trend is also observed for y = 2.8 models in
the case of Rsp/Rgyp. Such behaviour can be explained by the fact, that although the
absolute uncertainties oggn and oot increase with r., the corresponding structural
parameter values grow more rapidly. As a result, when expressed in relative terms, the
uncertainties dggn and dror decrease at larger core radii.

To further explore the impact of stochastic stellar sampling on the measurements
of star cluster structure, we examine the distribution of models in the R39/R5o ver-
sus Rso/Rgo parameter space (Figs.[i.T1] and [d.12). The results are shown for both
— when all sampled stars are included (red dots), and where PMS stars are removed
prior to performing photometry (blue dots). Figure [d.1T]illustrates how these distri-
butions vary as a function of cluster mass and age. A prominent feature is the large
scatter observed across many of the studied cluster mass-age combinations, with sim-
ulated clusters spanning most of the parameter space rather than gathering around
well-defined regions. This effect is particularly strong for very low-mass clusters with
log,,(M/Mg) < 2.5 across the entire age range considered here. A similar level of
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Figure 4.10. Relative uncertainties (in percent) of star cluster structural parameters as
a function of cluster core radius, r.. The left column shows median uncertainties due
to stochastic sampling of the IMF and stellar spatial distribution, Sgen, While the right
column presents uncertainties arising from cluster projection effects, dgror. The top
row corresponds to the Rsp, the middle row to the ratio R3y/Rsp, and the bottom row
to Rso/Rgo. Results are shown for clusters with log,,(M/Mg) = 3 and log,(¢/yr) = 8,
for three different y values (see legend). For visual clarity, blue and red markers and
connecting lines are slightly offset along the X-axis relative to the input r, values. The
X-axis is displayed using square-root scaling.

dispersion is also observed for very young (t = 10 Myr) clusters over a wide range of
masses when evolved PMS stars are included, highlighting their dominant influence
on the determined structural parameters based on FGC measurements.

A notable feature we observe for the lowest mass clusters (log;,(M/Mg) = 2)
across all ages, as well as for intermediate mass clusters (log,,;(M/Mg) < 3) at the
age of log,(¢/yr) = 7, a substantial fraction of clusters occupy region of the R3p/Rs
versus Rsg/Rgo parameter space where both ratios approach unity. This behaviour indi-
cates that the radial flux profile is dominated by a single bright star, resulting in nearly
identical values of R3g, Rso, and Rgp. A similar effect is observed at log,y(¢/yr) = 7
even for more massive clusters (log,,(M/Mg) = 3.5) when PMS stars are not removed
(see red dots in the corresponding panel of Fig.[.TT). In such case, this effect is most
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Figure 4.11. Effects of stochastic stellar sampling on cluster structural parameters for
different cluster mass and age combinations. The X-axis shows Rso/Rgo, while the
Y-axis corresponds to R3y/Rs. Results are presented for clusters with r. = 0.2” and
vy = 2.8. Red dots mark clusters containing all sampled stars, whereas blue dots repre-
sent clusters for which PMS stars were removed prior to photometric measurements.
The crosshairs indicate the theoretical locations of star clusters derived from the input
radial profile parameters.

likely driven by very luminous evolved stars, such as supergiants.

In contrast to the behaviour described above, more massive and older star clusters
tend to occupy much more confined regions of the R3p/Rso versus Rso/Rgy parameter
space. In particular, clusters with masses log;,(M/Mp) > 3.5 and ages log,,(¢/yr) > 8
form well-defined and concentrated distributions, with this being most pronounced for
log,,(M/Mg) = 4 clusters. This indicates that stuctural parameters for such systems
can be determined with good accuracy and reliability based on aperture photometry.
At younger ages (log;,(¢/yr) = 7), massive clusters with log,,(M/My) > 3.5 show a
noticeable improvement when PMS stars are subtracted (compare blue and red dots in
Fig.[.T1). However, the most massive clusters (log,;,(M/Mg) > 4) at ~10 Myr, typ-
ically contain multiple luminous evolved stars. In realistic conditions, it is therefore
difficult to remove all such stars without compromising the integrity of the cluster’s
integrated photometry, as some of the PMS stars are likely to reside in unresolved
central regions of the cluster. Moreover, partial subtraction of such stars may intro-
duce additional inconsistencies and increase the overall errors of the derived structural
parameters.
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Figure 4.12. Effects of stochastic stellar sampling on cluster structural parameters for
different radial profile parameters, 7. and y. The X-axis shows Rsy/Rsg, while the Y-
axis corresponds to R3o/Rso. Results are presented for clusters with log,,(M/Mg) =
3.5 and log,,(¢/yr) = 8. Red dots mark clusters containing all sampled stars, whereas
blue dots represent clusters for which PMS stars were removed prior to photometric
measurements. The crosshairs indicate the theoretical locations of star clusters derived
from the input radial profile parameters.

Figure[d.12] shows the distribution of clusters in the same R parameter ratio space,
but depending on radial profile parameters, r. and y, for models with log,,(M/Mg) =
3.5 and log,y(¢t/yr) = 8. We find that the most compact studied clusters (r. = 0.05”-
0.10”, y = 3.5-7.0) exhibit only a small dispersion. While more extended clusters
generally show a somewhat larger scatter, the overall level remains relatively similar
for models with y < 2.8 and . > 0.2”. Notably, clusters tend to concentrate around
distinct locations in the R3g/Rso versus Rsg/Rgg space depending on their r, and vy
values. This indicates that, for sufficiently massive clusters (log;,(M/My) > 3), their
positions in this parameter space can provide useful and meaningful constraints on
their structural properties. On the contrary, for lower-mass clusters, the dispersion
introduced by stochastic effects is too large, leading to significant overlap between
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models with different r, and y, and thus limiting the ability to reliably assess their
structural characteristics.

In summary, the results presented in this section indicate that structural parame-
ters of low-mass (log;,(M/Mg) < 3) and young (log,,(¢/yr) < 8) star clusters, when
derived solely from FGC analysis, are subject to substantial uncertainties and should
be interpreted with caution. Notably, we have shown that cluster projection (ROT)
effects introduce uncertainties of ~10-20% in cluster size estimates (Rs). However,
stochastic stellar sampling (GEN effects) produce significantly larger scatter of struc-
tural parameters. Although Narbutis et al.| (2014) demonstrated that accounting for
bright resolved stars can improve the accuracy of structural parameters in the con-
text of 2D image fitting, our results show that, for FGC-based methods, removing
luminous evolved stars, while indeed improving the accuracy, does not fully mitigate
these issues across all parameter regimes. This limitation is especially pronounced for
low-mass (log;,(M/M;) < 3) and young (log,,(/yr) < 8) clusters.

Taken together, these findings suggest that while standard aperture photometry ap-
proach can provide important insight about sizes and structure of clusters, it is insuffi-
cient for reliably characterising key structural aspects of star cluster populations, such
as the mass—radius relation, dynamical evolution, and eventual disruption (Portegies
Zwart et al.|2010; [Krumholz et al.|2019; |[Adamo et al.|[2020). More robust analyses
require complementary techniques, such as careful treatment of individual luminous
resolved stars (Beerman et al.|2012; Narbutis et al.|2014; |[Naujalis et al.[|2021)) or the
application of 2D cluster image fitting methods (Larsen|[1999; [Narbutis et al.|[2014;
Brown & Gnedin|[2021)).

4.6 Summary

In this Chapter, we determined the intrinsic limits on the maximum achievable ac-
curacy of aperture photometry in star cluster studies within the local Universe, as
imposed by stochastic effects. This was accomplished by analysing FGCs of star clus-
ter models presented in Chapter[3] under idealised conditions with no sky background,
i.e., assuming perfect background subtraction. We note that the inclusion of additional
sources of uncertainty, such as a noisy sky background or resolved bright field stars,
would further increase the reported errors. Moreover, in some cases, systematic prob-
lems — such as parameter degeneracies (Worthey|1994; [Bridzius et al.[2008; [Whitmore
et al.|2023)) or differences between stellar evolution models — can have a stronger effect
on the accuracy of derived cluster properties than stochasticity.

We have shown that clusters containing evolved, luminous PMS stars (G2) differ
significantly in their photometric properties from those without such stars (G1). In
particular, G2 clusters exhibit noticeably larger scatter and uncertainties in their pho-
tometric parameters. These results are in agreement with Beerman et al.| (2012)) and
demonstrate that the absence of PMS stars leads to more consistent, predictable, and
well-defined photometric properties, ultimately enabling a more robust derivation of
cluster physical parameters.

We found no significant systematic differences or gradients in CIs when star clus-
ters are measured using smaller (C) apertures compared to larger, conventional (T)
apertures. This supports the use of the adaptive aperture photometry method, which
minimises contamination of CI measurements by bright field stars and evolved cluster
members. We therefore propose that this approach, with a careful, case-by-case selec-
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tion of C apertures, can be applied to obtain more accurate photometric measurements
of low-mass star clusters in the local Universe (at least out to distance ~5 Mpc with
modern space-based observations).

Results of the physical parameter determination tests revealed that, to obtain ac-
curate and reliable aperture-photometry-based cluster parameter estimates, CIs should
be measured using apertures with radii larger than the clusters’ half-light radii, as was
commonly adopted by|Naujalis et al.| (2021)) and [Kri$¢iainas et al.| (2023). However, we
found that the determination of parameters for very young star clusters (r = 10 Myr)
remains problematic, regardless of the aperture size used. Consequently, CMD fitting
methods (Dolphin/2002; Johnson et al.[2016; Ceponis et al.|[2024; [Zheng et al[2025)
are expected to provide more reliable estimates of physical parameters than integrated
photometry for resolved and semi-resolved young (¢ < 40 Myr) star clusters. Ideally,
combining results from both approaches can lead to the most robust constraints on
cluster physical parameter estimates.

We have shown that FGC-based structural parameters for log,,(M/Mg) < 3 and
log,o(t/yr) < 8 clusters are poorly constrained and exhibit large uncertainties due
to stochastic effects inherent to low-mass star clusters. For such objects, additional
constraints or a careful treatment of bright resolved stars are required to reliably char-
acterise their sizes and structural evolution.

Notably, we demonstrated that the randomness of low-mass star cluster viewing
angles introduces measurable uncertainties of up to ~0.05 mag in CIs on average
for typical M 31 clusters, and up to ~0.1 mag in individual cases, and typically ~10-
20% uncertainties in structural parameters, depending on the interplay between cluster
physical and radial profile parameters and aperture size. In some cases this effect
should be included in the total error budget of aperture photometry measurements;
however, it is generally much weaker than uncertainties arising from stochastic stellar
sampling effects.

64



Chapter 5

SKy background effects

The content of this chapter is based on|Daugevicius et al.|(2025).

The previous Chapter established the optimistic intrinsic limits of aperture photometry
accuracy and applicability under idealised, background-free conditions. In real obser-
vations, however, measurements are inevitably affected by the presence of a structured
and often complex sky background, especially in the nearby galaxies where stellar
populations are at least partially resolved. Multiple HST studies of star clusters in
M 31 (Krienke & Hodge||2007, [2008}; [Hodge et al.|[2009} 2010; Johnson et al.||2012))
showed that the strongly variable background level within the disc, its estimation and
subtraction, is one of the primary sources of photometric errors. Ground-based studies
by Kodaira et al.|(2004) and Narbutis et al.| (2008)) also reported that photometric un-
certainties are largely driven by sky background variations and are difficult to reduce
without interactive intervention. In addition, as mentioned earlier, bright field stars
projected within the photometric aperture can significantly affect the measurements,
complicating the derivation of cluster parameters and often introducing age—extinction
degeneracies (de Meulenaer et al.[2017). Therefore, understanding the impact of back-
ground effects is crucial for the reliable interpretation of results derived from cluster
aperture photometry.

In this Chapter, we extend the analysis to more realistic observational conditions
and investigate how sky background influences the accuracy and applicability of aper-
ture photometry for nearby extragalactic star clusters. To achieve this, we construct
realistic mock observations by embedding simulated clusters into real M 31 imaging
data spanning a range of stellar densities and background environments. We then mea-
sure these mock clusters and quantify photometric uncertainties, and how they depend
on cluster properties, aperture size, and local background environment. We further de-
termine optimal aperture sizes for colour measurements, and assess biases introduced
by sky background effects. Finally, we examine catalogue completeness limits and
selections effects, and how they may influence the capabilities of present and future
star cluster surveys.

5.1 Background fields

To evaluate the impact of background effects on star cluster aperture photometry and
catalogue completeness limits in the context of the PHAT survey, we placed simu-
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Figure 5.1. Background fields in the disc of M 31. The top panel shows a grey-scale
24 ym Multi-Band Imaging Photometer for Spitzer (Spitzer/MIPS) map of M 31, with
the locations of the selected background fields (B1-B5) denoted by red markers. The
bottom panels display images of a simulated star cluster with log,,(M/Mg) = 3.5,
log,o(t/yr) = 7, r. = 0.2”, and y = 2.8, placed in each of the background fields. BO
represents background-free case. Magenta and cyan circles mark circular apertures
with radii Ry, = 1” and 2", respectively. The 15" x 15” colour images were produced
by combining F336W (blue), F475W (green), and F814W (red) passband data.

lated clusters (described in Chapter[3} see Table[3.1)) into five real background fields
of varying stellar density in the M 31 disc (shown in Fig.[5.1)), extracted from PHAT
imaging data.

In the case of F275W and F336W passbands, the frames are significantly affected
by a large number of cosmic-ray artefacts and other defects. Cosmic rays are high-

66



energy particles that transfer their energy into detector pixels upon impact, producing
signals that can mimic bright point sources similar to stars, with the strongest ef-
fect seen in UV passbands. If such contaminants fall within the aperture, they can
introduce severe biases and errors into the integrated photometry measurements, po-
tentially ruining them. Therefore, their removal is essential.

However, for these two UV passbands, only two repeated exposures are available
in the PHAT survey, making standard automated cleaning techniques challenging and
unreliable. Alternative novel methods (Chen et al.|[2024) require data to be at a lower
processing level, which were unavailable for this study. Consequently, we cleaned
the selected background fields manually by removing the most prominent cosmic-ray
artefacts using the imedit task from PyRAlﬂ, a Python environment for executing
tasks from the original IRAF (Tody|1986) image reduction and analysis software pack-
age. The imedit tool enables a careful treatment of cosmic-ray defects by replacing
affected pixel values with interpolated values derived from neighboring pixels.

The background fields are 17" x 17" square cut-outs, corresponding to a field of
view ~65 X 65 pc at the distance of M 31, and thus larger than the 15” x 15” frames
of the simulated clusters. This allowed us to place each artificial cluster at slightly
different random positions within a given background field while preserving the same
general background features. Such an approach helps mitigate potential systematic
biases that could arise from placing all simulated clusters at the same location, which
might contain peculiar features such as a bright background star, a dusty patch, or an
unaccounted imaging defect.

We emphasise that the selected background fields were carefully chosen not only
to span a range of stellar densities — which generally decreases with increasing radial
distance from the galactic centre — but also to represent different types of physical
environments. This is evident in Fig.[5.1} which shows Spitzer/MIPS 24 ym map of
the M 31 disc together with colour images of an artificial cluster placed in each back-
ground field. Fields B1 and B3 are located within the prominent star-forming rings at
~15kpc and ~10kpc from the galactic centre, respectively, where conditions charac-
teristic of star-forming regions — such as differential reddening caused by dense dusty
structures and the presence of numerous bright, blue young field stars — are expected.
In contrast, fields B2 and B4 lie in the inter-ring regions, where intermediate-age and
old stellar populations dominate and irregular dust are much less prominent. Finally,
field B5 represents the inner regions of the M 31 disc, characterised by an extremely
high stellar density, a common feature in the central parts of galactic discs.

In Fig.[5.2] we present CMDs for each of the studied background fields. For the
background-free (BO) case, we show the CMD of a massive (log,,(M/Mg) = 4.5)
simulated cluster at an age of + = 100 Myr, with stellar photometry errors assigned
according to their brightness, based on PHAT photometry results from [Williams et al.
(2023)). This serves as a reference for comparison with the CMDs of the B1-BS5 back-
ground fields. Due to their location in star-forming regions, the CMDs of fields B1 and
B3 exhibit prominent young MS populations; in particular, B1 field contains several
bright upper MS stars comparable to those in the massive cluster model shown in the
B0 CMD. Meanwhile, the remaining background fields are dominated by older stellar
populations, such as RGB, AGB, and fainter MS stars. The dependence of the limiting
magnitude on stellar density is also clearly visible. In the BS5 field, a prominent MS
is not observed, as the MSTO of the dominant old population lies below the limiting

Thttps://iraf-community.github.io/pyraf.html
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Figure 5.2. Colour-magnitude diagrams (CMDs) of the background fields. Each
panel corresponds to a different field (BO-B5). For the background-free case (BO),
the CMD of a simulated cluster with log,,(M/Mg) = 4.5 and log,,(¢/yr) = 8.0, and
stellar photometry errors generated based on[Williams et al/ (2023), is shown. Stellar
photometry for fields B1-B5 is taken from the PHAT stellar photometry catalogue of
[Williams et al.| (2023)). The CMDs for fields B1-B5 include all stellar sources within
the corresponding 17" x 17" frames. The number of stars visible in each CMD is
indicated below the field label. Coloured curves represent PARSEC-COLIBRI solar
metallicity isochrones for ages log,,(f/yr) = 8.0 (blue), 8.5 (green), 9.0 (red), 9.5
(magenta), and 10.0 (black). The black arrow marks the extinction vector, calculated

using the (1999) extinction law with Ay = 1.

magnitude due to the extreme crowding in this field. Moreover, all background fields
exhibit some level of extinction, as indicated by the observed MSs in B1-B5 fields
being shifted towards redder colours relative to the MSs of the isochrones.

An important feature to highlight is the presence of strong differential extinction in
fields B1 and B3, which becomes particularly evident when comparing their red clump
populations to those in B2 and B4. Fields B1 and B3 exhibit significantly broadened
red clumps, spanning a wide range — up to several magnitudes — in both brightness
and colour, with the direction of dispersion aligned closely with the extinction vector.
Given that both B1 and B3 fields are located within star-forming rings, this suggests
the presence of significant variations in extinction caused by complex dusty structures
typical of such environments. As a large fraction of young clusters are found in such
regions — including those in the disc of M 31 — it is reasonable to expect that at least
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some are affected by comparable levels of differential reddening, especially consid-
ering that such pronounced effects are evident within a relatively small field of view.
Importantly, such variability in extinction across the cluster can bias integrated cluster
photometry and significantly complicate the recovery of cluster physical parameters
(Narbutis et al.|2007a; |Bridzius et al.|2008)).

We stress that the B3 field is located within one of the most prominent features of
the M 31 disc — the 10 kpc star-forming ring — which hosts the majority of star clusters
identified in the PHAT survey. On this basis, it is used extensively throughout this
Chapter as a representative field when analysing various parameter dependencies.

5.2 Background estimation and aperture photometry

With the introduction of sky background, cluster aperture photometry becomes more
complex than in the background-free case described in Section[d.I] Before integrated
cluster magnitudes and colours can be derived, the sky background level must be sub-
tracted from the flux measured within a given aperture. We note that all photometric
procedures described below were performed using the photutils package, as in Sec-
tion[4.1l

Although the use of a complex, interactive sky background level estimation tech-
able, as it has been shown to yield robust and consistent photometric measurements,
applying it to tens of thousands of simulated clusters is beyond the scope of this thesis.
Instead, we employ the automated sky background determination method described by
Johnson et al.[(2012), which was used to produce the original photometric star cluster
catalogues of the PHAT and PHATTER surveys (Johnson et al.|[2012} 2015} 2022).
This approach is well suited to our analysis, as our simulated cluster observations
mimic those of the PHAT survey. Below, we briefly outline the main steps of the
photometric procedure.

After an artificial star cluster is embedded into a given background field, we define
a annular region centred on the cluster, with inner and outer radii of 1.2 X R,, and
3.4 X Ryp, respectively. For the purpose of estimating the sky background, an aperture
with radius R, = 2.0” is adopted in all cases. This large ring is then subdivided into
10 smaller annular segments of equal area, each equivalent to the area of a circular
aperture with R,, = 2.0”. Then, the integrated flux is evaluated within each of the
10 annular segments. To minimise contamination from bright background sources,
cluster members, or other localised peculiar features, the resulting flux values are
processed using an iterative 20-clipping procedure, which repeatedly removes flux
values that lie more than two standard deviations from the mean, recalculating the
mean and standard deviation after each iteration until no further outliers are identified.
The final sky background level is then determined as the mean of the remaining flux
values, while their standard deviation is adopted as the uncertainty of the background
level estimate, 0.

As photometry is performed using multiple apertures of various sizes, the derived
background level is scaled accordingly to match the corresponding aperture size. Im-
portantly, the background estimation is carried out separately for every cluster after
it has been inserted into the given background field. This approach provides a more
realistic representation of observational conditions, as the sparse outer regions of the
cluster can contribute to the background level estimate.
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After determining the sky background level, aperture photometry of each artificial
cluster is performed within a given background field using a range of apertures, with
radii from R,, = 0.5” to 5.0”. This procedure is applied to all simulated star clusters,
in all five background fields, with measurements in three PHAT passbands: F336W,
F475W, and F814W. For comparison, and to identify and evaluate the impact of
the sky background effects, measurements were also obtained for the same simulated
clusters in the background-free BO case using the same set of apertures.

Throughout the remainder of this Chapter, aperture sizes are often expressed in
units of the cluster half-light radius, Rso. We stress that for each simulated cluster, a
single Rsy value is adopted, which is determined in the background-free BO case from
the FGC measured in the F475W passband, as described in Section When Rjsq
is used to define the aperture size, we impose a lower limit of R,, = 0.5”, meaning
that, if calculated aperture radius falls below this threshold, it is set to 0.5”. For
example, for a cluster with Rsop = 0.2” and an aperture defined as Ry, = 2 X Rso,
the resulting aperture size would be R, = 0.4”’; however if the lower limit criterion
is applied, it is increased to R,, = 0.5”. This constraint is motivated by the results
presented in Sections[4.2] and [.3] (see Figs.d.5H4.7), which show that photometric
measurements and their uncertainties become strongly affected by stochastic effects
when small apertures (R,, < 0.5”) are used. Moreover, such small apertures lead to
unreliable determinations of cluster physical parameters (see Sectiond.4]and Fig.[4.8).

5.3 Photometric errors, optimal apertures,
and systematic deviations

In this section, we investigate photometric errors and accuracy limits of aperture pho-
tometry in realistic galactic disc environments. For this experiment, we consider three
different sources of error, one of which is statistical Poisson noise. However, since
we use higher-level PHAT imaging products, where all available individual exposures
have already been aligned, combined, and fluxes normalised to one-second exposures,
it is non-trivial and complicated to determine these statistical errors correctly. To
roughly approximate the impact of Poisson noise, we multiplied the one-second expo-
sure fluxes by the corresponding PHAT imaging exposure times reported by Williams
et al.| (2014). The Poisson errors for the magnitude measurements are then evaluated
using the following equation:

0'p=2.510g(1 +\A/S'ﬂ)’ 5.1

cl

where S ; is the cluster signal, defined as the one-second flux (F,;) multiplied by the
corresponding exposure time, measured within the selected aperture in the background-
free (BO) frame.

The second source of uncertainty that we account for is related to potential biases
in the positioning of the aperture. We evaluate it in a similar manner to o apr, as de-
scribed in Sectionfd.3] For each simulated image, aperture photometry is performed
by centring the aperture on each of the nine central pixels of the frame. In contrast to
the procedure used to determine o apr, no additional +1 pixel offsets are applied here.
Preliminary analysis for this experiment has shown that, under realistic conditions,
uncertainties associated with aperture positioning dominate over those introduced by
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small variations in aperture size, which are therefore negligible in comparison. As
a result, nine measurements of cluster magnitudes and CIs with an aperture of given
size are obtained for each simulated observation. The corresponding magnitude uncer-
tainty due to aperture positioning, o, is estimated as half of the 16th—84th percentile
range of these nine measurements. We emphasise that the o, uncertainty is measured
when cluster is already placed in the background field, and for CIs it is determined
directly from the nine CI measurements, rather than by propagating uncertainties of
magnitudes from the individual passbands.

The third source of errors considered here is associated with the procedure of
determining the sky background level. It was quantified using the following equation:

~25] s~ A
op = 2.010g 1+F— s 5.2)
cl

where o, is the uncertainty of the background level estimate introduced in Section[5.2}
Ayp is the area of the selected aperture in pixels, and F; is the integrated one-second
exposure flux of the cluster measured within that aperture in the BO field.

Here, we do not include the photometric uncertainty terms oggn and ogror dis-
cussed in Sectionfd.3] The oggn term is excluded because it describes the intrinsic
scatter of photometric properties for clusters with the same physical parameters aris-
ing from stochastic IMF sampling, and therefore characterises an ensemble of clusters
rather than the error of measurement of an individual cluster. The present analysis
focuses on error sources associated with observations of each individual cluster. The
oror contribution is also omitted. As described in Section[3.5] (see also Tables[3.1]
and 3.2), multiple viewing angles were simulated only for a limited subset of clus-
ter parameter combinations. Including oror would therefore prevent a homogeneous
analysis over the full, more finely sampled parameter grid considered in this Chap-
ter. Furthermore, preliminary tests showed that, once realistic sky background is in-
troduced, the uncertainty sources influenced by background variations, o}, and o,
generally exceed oror, Which becomes negligible in most cases. Even in the most
extreme situations, where oror reaches ~0.1 mag, the uncertainties associated with
background estimation and aperture positioning remain significantly larger for such
clusters.

Therefore, the total photometric error of a magnitude measured in a given pass-

band was calculated as
o= \Jos + O'Z +02. (5.3)

For colour indices, the total photometric errors were obtained by combining in quadra-
ture the o, and o7, terms of the individual passbands, that comprise the given CI, to-
gether with the o, value determined directly for the corresponding CI. For example,
for a X — Y colour:

2

_ 2 2 2 2
Oy x-y = \/0'1,, x+tO, y+0, x+0, y+0, 5.4

X-Y

Of the three considered uncertainty sources, the background estimation term, o7,
is dominant in most cases. This is consistent with previous HST studies of M 31 star
clusters (Krienke & Hodge|2007, 2008} Hodge et al.|2009, |2010; Johnson et al.|2012]
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2015). Nevertheless, there are specific situations in which the error due to aperture
positioning, o, exceeds 0. This typically occurs when a bright cluster member or
a field star lies close to or straddles the boundary of the aperture. In contrast, the
contribution from Poisson noise, o, is generally much smaller than either of these
two terms. In the remainder of this Chapter, only the combined errors are considered.
For simplicity, the total uncertainties of both magnitudes and CIs are denoted as o,.
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Figure 5.3. Regions of the cluster mass—age parameter space in which aperture pho-
tometry satisfies specified accuracy requirements. Grey regions and coloured squares
denote combinations of cluster mass and age for which at least 50% of the simulated
clusters (out of ~1300) have total photometric errors, o, below the adopted threshold.
The top, middle, and bottom rows of panels correspond to the F475W magnitude,
F336W — F475W, and F475W — F814W, respectively. The left column compares
results for different background fields, obtained with an aperture R, = 1.5 X Rsg, and
error threshold o; < 0.05 mag applied. The middle column shows the dependence on
the adopted o threshold in the B3 field, using R, = 1.5 X Rsg. The right column
presents the effect of aperture size in the B3 field, with a o, < 0.05 mag threshold
adopted. All results shown are based on simulated clusters with half-light radii of
Rso = 0.25" —1.00".

Figure[5.3] presents the regions of cluster age—mass parameter space in which at
least 50% of cluster models satisfy the adopted photometric accuracy criteria for
F4T5W, F336W — FAT5W, and F475W — F814W. These regions are shown as func-
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tions of background field (B1, B3, and B5), photometric error threshold (o, = 0.05,
0.10, 0.30 mag), and aperture size (R,,). Our choice of these particular error threshold
values is motivated by the discussion of [de Meulenaer et al. (2015). That study sug-
gests that integrated photometry accurate to o; < 0.05 mag is generally sufficient to
determine cluster age, mass and extinction robustly, and additionally to constrain the
metallicity of clusters older than 1 Gyr. Photometric errors of o, < 0.10 mag typically
allows determining cluster age, mass, and extinction fairly accurately, provided that
the metallicity is known or can be assumed. Finally, for errors of o, < 0.30 mag, only

approximate estimates of cluster age and mass are generally achievable, assuming
both extinction and metallicity are known.

The left column of Fig.[5.3] illustrates the dependence on the background envi-
ronment by comparing results obtained in the B1, B3, and B5 fields using apertures
with R,; = 1.5 X Rso and adopting an error threshold of o, < 0.05mag. The results
for FAT5W and F336W — F475W indicate that, in the UV and optical wavelength
range, the limits of cluster age—mass parameter space in which sufficiently accurate
photometry can be obtained, required for robust physical parameter determination, is
only weakly affected by the stellar density and other environmental characteristics of
the background field. A much stronger dependence is evident for F475W — F814W.
This behaviour is driven by numerous bright red stars belonging to the old stellar pop-
ulations of the M 31 disc, whose number density increases significantly towards the
galactic centre.

These results imply that the primary limitation arises from our ability to per-
form precise photometry in the IR part of the spectrum — in this particular case, in
the F814W passband — where numerous bright red resolved background and fore-
ground stars introduce significant contamination. In semi-resolved and resolved en-
vironments, more accurate measurements could possibly be achieved through the use
of more sophisticated sky background estimation techniques, such as interactive ap-
proach (Naujalis et al.|2021; KriScianas et al.|2023)), methods that explicitly account
for individual bright resolved stars (Narbutis et al.2014]), or more advanced automated
algorithms (Pandey & Saha|2025).

The middle column of Fig.[5.3|presents the regions of cluster age-mass parameter
space in which at least 50% of cluster models satisfy different photometric accuracy
thresholds (o, = 0.05, 0.10, 0.30 mag). These results are shown for the B3 field,
and using apertures with radii R,, = 1.5 X Rso. As mentioned in Section@ the
majority of M 31 disc clusters are found in environments similar to B3; therefore, these
limits may be regarded as representative of typical observational conditions. Taking
into consideration results for both F336W — F475W and F475W — F814W Cls, we
estimate the combined limiting cluster masses by linearly interpolating between the
limits determined for each of these colours separately. At an age of # = 1 Gyr, only
rather massive clusters (M > 5000 M) satisfy the most strict accuracy requirement
of oy = 0.05mag. In the case of o; = 0.10 mag, it can be achieved for 1600 < M <
5000 Mg clusters, while o, = 0.30mag can be reached for 500 < M < 1600 M,
clusters. In comparison, at an age of + = 100 Myr, considerably lower mass clusters
satisfy the same requirements. In this case, o, = 0.05 mag can be achieved for clusters
with M > 1000 Mg. Meanwhile, o, = 0.10 mag criterion is met for clusters with
masses 500 < M < 1000 Mg, whereas o; = 0.30 mag threshold can be reached by
200 s M < 500 Mg, clusters.

The rightmost column of Fig.[5.3]examines the effect of aperture size on the region
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of age—-mass parameter space for which the precision requirement of o, < 0.05 mag
is satisfied. The comparison is shown for the B3 field and includes three choices of
aperture radius, R,p: a fixed radius of 1”, Rsp, and 1.5 X Rsq. Apertures scaled to the
individual cluster half-light radius generally provide more accurate photometry than a
single fixed aperture applied to all clusters. The largest parameter-space region where
o; < 0.05mag can be achieved is reached for Rsp = 1.5 X Rsp, in agreement with
the conclusions reached throughout ChapterE} Interestingly, an aperture of R,y = Rso
in some specific cases slightly outperforms R,, = 1.5 X Rsp. However, it was also
shown in Chapterfd] that measurements obtained with such small apertures are more
susceptible to stochastic effects, especially for compact clusters with R < 0.5”, in
turn leading to highly uncertain estimates of cluster physical parameters. Thus, we re-
iterate our recommendation made in the previous Chapter that apertures smaller than
the half-light radius should be employed with caution. They may still be useful in sit-
uations where contamination from the nearby bright field stars needs to be minimised
(Narbutis et al.[2007b), but otherwise larger apertures than that are preferable.

To further elaborate on the aperture size recommendations for colour measure-
ments suggested in Chapterfd] for each simulated cluster observation, we determined
the optimal aperture radius, R, defined as the radius that results in the lowest o;.
Figure.@ shows how Ry, expressed in units of Rsg, varies with the integrated clus-
ter brightness in the F475W passband for three different combinations of geometric
parameters, r, and y. The green, blue, and red markers correspond to compact, typical
M 31 disc, and extended clusters, respectively. A significant luminosity dependence
is evident, with the optimal aperture size decreasing towards fainter clusters: over the
10 mag interval covered in F475W, R,y changes by a factor of ~1.5 — between the
faintest and brightest clusters. For cluster models representative of the typical M 31
disc clusters (blue symbols and curve), the optimal aperture for measuring Cls gener-
ally falls in the range (1-2)xRso. Considering the full range of cluster sizes explored
in Fig.[5.4} the optimal aperture radii expressed in absolute units are relatively similar
for both compact and extended clusters. In most cases, they range from ~0.5” to 1.5”.
Thus, despite the diversity in cluster sizes, the aperture sizes that minimise photomet-
ric errors occupy a rather narrow interval. These results are in good agreement, and
further support the aperture size recommendations established earlier in this thesis.

It is noteworthy that in F475W — F814W, Ry is generally slightly smaller than
in FA75W and F336W — F475W. We interpret this behaviour as being driven by
the population of red resolved field stars. These stars are predominantly bright in
the IR but relatively faint in UV-optical wavelengths, which makes their influence
most pronounced for the F475W — F814W colour among the photometric parameters
considered in Fig.[5.4] This effect arises from the increasing likelihood of such stars
falling within the aperture as its size grows; as a result, larger apertures lead to a
gradual decrease in photometric accuracy. However, in the UV-optical bands, their
contribution to the total uncertainty is minimal, allowing for slightly larger optimal
apertures.

We also note that no significant differences are observed when results for other
background fields are compared to the B3 field results presented in Fig.[5.4] and dis-
cussed above (see equivalent plots for other fields in Appendix, Fig.[A5).

Having established how the optimal aperture size depends on cluster brightness
and structure, we now examine whether measurements obtained with these apertures
are biased by the presence of a real sky background. Figure[5.5] presents quantities
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Figure 5.4. Optimal aperture radii, Rop, as a function of the integrated cluster F475W
magnitude measured in the BO case. Top panel, middle, and bottom panels corre-
spond to the R, for measuring the F475W, F336W — FAT5W, FAT5W — F814W,
respectively. Results are shown for the B3 field and for three combinations of the
geometric parameters, 7. and y (see legend; the approximate median half-light radii,
Rs0, corresponding to each parameter combination are also indicated for reference).
Markers show the median values of Ry, while the error bars indicate the 16th—84th
percentile ranges. Dashed curves represent second-order polynomial least-squares fits
to the medians.
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Figure 5.5. Systematic differences between photometric measurements obtained in
the B1, B3, and B5 background fields and those measured in the background-free BO
case. The top, middle, and bottom panels show A(F475W), A(F336W — F475W), and
A(FAT5W — F814W), respectively, plotted as a function of the cluster F475W mag-
nitude measured in BO. Here, A is defined as the measurement in a given background
field minus the corresponding value in BO. Markers indicate median differences, while
error bars show the 16th—84th percentile ranges. For visual clarity, the blue and red
symbols are slightly offset along the X-axis. Grey dashed lines mark +0.05 mag devi-
ation limits. Results are shown for artificial clusters with half-light radii in the range
Rso = 0.4" - 0.6".
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Figure 5.6. The same as in Fig. but shown for the B3 field and for three differ-
ent combinations of geometric parameters, 7. and y (see legend). The corresponding
approximate median half-light radii, Rs(, are also indicated for reference. The green,
blue, and red symbols represent compact, typical M 31 disc, and extended clusters, re-
spectively. Markers indicate median differences, while error bars show the 16th—84th
percentile ranges. For visual clarity, the blue and red symbols are slightly offset along
the horizontal axis. Grey dashed lines mark +0.05 mag deviation limits.

77



AF4T5W), A(F336W — F475W), and A(F475W — F814W), defined as the difference
between measurements obtained in one of the PHAT background fields (B1, B3, and
B5 in this case) and those measured for the same clusters in the background-free BO
case. This enables us to directly evaluate whether noisy and variable backgrounds
introduce systematic deviations into the aperture photometry measurements. We stress
that, for this experiment, we used apertures with radii Rop.

For all three photometric parameters considered, we find that once a cluster be-
comes fainter than a certain limiting brightness — which depends on the background
field — systematic biases begin to emerge and increase towards lower luminosities.
Beyond this limit, faint clusters observed against a realistic background tend to appear
brighter than in the ideal BO case. Their colours are also typically shifted towards red-
der values. We attribute these effects to brighter-than-average resolved field stars, that
fall within the aperture, whose contribution to the total measured flux becomes sub-
stantial. A notable exception is F475W — F814W in the B3 field, where a weak trend
towards bluer colours is present. Such behaviour can be associated to the compara-
tively rich population of young blue stars in that field. We suggest that similar biases
may arise in other regions with ongoing star formation, such as the disc of M 33 or in
starburst galaxies.

Among the three photometric parameters considered, the largest and earliest sys-
tematic deviations occur for F475W — F814W. In this case, the bias becomes notable
at brighter cluster magnitudes than for F475W magnitude or F336W — F475W. The
reason is that the sky background in the M 31 disc is significantly brighter in the
F814W passband, reducing the contrast between the cluster and the surrounding field
more severely than in the UV-optical filters. Overall, all of these effects described
above can directly affect the derived physical parameters for star clusters. A cluster
whose integrated magnitude is biased towards brighter values will most likely have
its mass overestimated, while Cls shifted towards the redder values can lead to either
systematically older ages, higher metallicities, or larger extinctions being inferred.

Figure[5.6 extends the same analysis to clusters of different sizes in the B3 field.
At a given cluster brightness, larger and more extended clusters (red symbols) show
both stronger systematic deviations and broader distributions of photometric parame-
ter differences than compact ones. Furthermore, these deviations become apparent at
brighter integrated magnitudes for larger clusters. This follows from a general trend
that larger clusters are measured with larger apertures, which inevitably capture more
background flux and therefore reduce the contrast between the signals from the cluster
and the surrounding field. Larger apertures also increase the likelihood that a bright
background/foreground star is included in the measurement.

5.4 Catalogue completeness and selection effects

We next consider two other important aspects of sky background effects in studies
of star clusters within the galactic discs. Namely, it is the influence of background
on completeness limits and on the reliability of cluster detection. Together, these
effects set the boundaries of the accessible paramater space in which cluster analysis is
possible. It must be properly characterised and understood to avoid over-intepretation
of survey results. As mentioned in Section[3.5] for the analysis presented here, we
used a continuous sample of 20 million cluster models, with their images generated
only in the F475W passband (see Table[3.3]for the ranges of cluster parameters).
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To quantify cluster detectability and assess completeness limits in the context of
the PHAT survey, we introduce the cluster-to-background signal ratio (CBR):

CBR = 1< (5.5)

Fp,e

where F, is the cluster flux in the F475W passband measured in the background-free
BO field, and Fy, is the background F475W flux measured in one of the selected M 31
background fields (B1-B5). Both fluxes are measured within an aperture of radius
R.p = Rso. The choice of such aperture is motivated by the fact that it captures only
the brightest central part of the cluster, which provides the highest contrast against the
surrounding field and is therefore most relevant for cluster detection in the presence
of significant sky background signal. For clusters with Rsy < 0.5, we use Ry, = 0.5”
apertures instead, to avoid strong stochastic effects that are present when using small
apertures, as discussed in Sectionsf.2] 4.3} and[5.2} Figure[5.7]demonstrates simulated
cluster images of various age and mass combinations within the BO and B3 fields. For
each cluster in the B3 field, the corresponding CBR value is indicated.

For the following analysis, we adopt three CBR threshold values as approximate
cluster detection criteria: CBR > 2.5, CBR > 1.0, and CBR > 0.4. As can be seen in
Fig.[5.7] clusters with CBR > 1.0 can generally be distinguished from the surround-
ing background without significant difficulties. We therefore assume this threshold
as representative of the cluster detection limit achievable through careful visual in-
spection by a human, such as in citizen science searches (e.g., Johnson et al.[[2015])).
In contrast, clusters satisfying CBR > 2.5 are approximately 1 mag brighter than the
CBR > 1.0 limit and are typically luminous enough to be identified even in a rapid
visual search by an expert or by relatively simple automated detection methods. Con-
versely, CBR > 0.4 corresponds to clusters ~1 mag fainter than the CBR > 1.0 limit.
We adopt it as an approximate estimate of the limiting depth potentially reachable
by modern machine-learning (ML) approaches. This assumption is motivated by the
results of [Thilker et al.| (2022), who demonstrated that ML-based cluster searches in
nearby galaxies can result in catalogues deeper by about 1 mag compared to those
constructed through visual human identification.

Figure[5.8] demonstrates regions of cluster age—mass parameter space for which
in the PHAT survey at least 50% completeness can be achieved, depending on the
adopted CBR detection threshold, background environment, and cluster geometric
parameters. The top panel of Fig.[5.8| focuses on the B3 field and clusters with half-
light radii in the range of typical M 31 disc clusters Rsp = 0.25” — 1.00”, comparing
the three detection thresholds introduced above.

For the most conservative limit, CBR > 2.5, which corresponds to clusters that can
be easily detected in relatively shallow searches, the 50% completeness is achieved at
masses of ~1300 Mg, ~2500 Mg, and ~8000 M, for ages of + = 100 Myr, 300 Myr,
and 1 Gyr, respectively. When the threshold is lowered to CBR > 1.0, representative
of clusters detectable through careful visual human inspection, the 50% completeness
limiting masses decrease to ~500 Mg, ~1000 Mg, and ~3000 Mg, for the same ages.

If an advanced detection method capable of reaching CBR > 0.4 is used, the
resulting catalogue can become significantly deeper. In such case, the 50% com-
pleteness limit is achieved at rather low masses of ~250 Mg at 100 Myr, ~400 Mg
at 300 Myr, and ~1300 Mg at 1 Gyr. Compared to the CBR > 1.0 case, this corre-
sponds to more than a factor of two improvement in the minimum detectable cluster
mass. Interestingly, a similar gain in depth was reported by [Thilker et al.| (2022)) for
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Figure 5.7. Images of artificial star clusters of different ages and masses shown in the
BO field (left panel in each pair) and in the B3 field (right panel). Cluster masses are
indicated below each column, while ages are noted to the left of each row. All clusters
were generated using r. = 0.2 and y = 2.8 parameters. The cluster-to-background
signal ratio, CBR (see definition in Section@), calculated for the B3 field is given
above each image pair. Magenta circles indicate apertures used to determine the CBR
values. The 5” X 5” colour images were produced by combining F336W (blue),
FAT5W (green), and F814W (red) data.

the PHANGS-HST survey when comparing an advanced ML-based cluster detection
algorithm with visual identification performed by experts.

The middle panel of Fig.[5.§] illustrates how the 50% completeness limits vary
with the surrounding environment, the strongest influence being the radial distance
from the galactic centre. The results shown were obtained for cluster of typical size,
Rsp = 0.25” — 1.00”, assuming CBR > 0.4 detection threshold. In general, we find a
strong environmental dependence. From the sparse outer-disc regions to the extremely
crowded inner fields, the survey depth at a given age changes by approximately an
order of magnitude. For example, at 1 Gyr clusters with masses as low as ~250 M, can
still be recovered with 50% completeness in the B1 field. In the B3 field — representing
a typical cluster environment in M 31 — this limit increases to ~1300 Mg, while in
the dense BS field it is ~3000 Mg. Such strong variation with the background field
suggests that the depth of a cluster catalogue is determined not only by the detection
method, but also by the local sky background against which the clusters are observed.
Therefore, selection effects must be carefully taken into account when studying radial
or environmental trends.
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Figure 5.8. Regions of cluster age—mass parameter space in which at least 50% com-
pleteness is achieved. Top panel: dependence on the adopted CBR detection threshold,
with results shown for the B3 field. Middle panel: dependence on the background en-
vironment, comparing the B1, B3, and BS5 fields, assuming a detection threshold of
CBR > 0.4. Bottom panel: dependence on cluster size, with results shown for three
different r.—y combinations in the B3 field, also assuming CBR > 0.4 detection limit.
The results presented in the top and middle panels are based on simulated clusters with
half-light radii in the range Rsy = 0.25” — 1.00”.
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The bottom panel of Fig.[5.8] shows how the completeness limits depend on the
geometric parameters of clusters. The comparison is made for three r.—y combina-
tions in the B3 field, assuming a detection threshold of CBR > 0.4. A notably better
performance in the case of more compact clusters is evident: the region of age—mass
parameter space where at leas 50% completeness is achieved is significantly larger for
compact (blue area) and typical-size clusters (green area) than for extended ones (red
area). For instance, at r = 1 Gyr, the 50% completeness limit is ~400 Mg, for compact
clusters, ~800 My, for the ones of characteristic size, and rises even to ~2500 M, for
extended clusters.

These results highlight that, for studies involving star cluster sizes — including
cluster size distribution, the mass—radius relation, dynamical evolution, and disrup-
tion processes such as tidal stripping and cluster dissolution (Portegies Zwart et al.
2010; [Krumbholz et al.|2019; |Adamo et al.[2020; Brown & Gnedin|2021)) — it is highly
important to carefully account for selection effects related to cluster size. In nearby
galaxies, where clusters are resolved or semi-resolved in modern space-based observa-
tions, catalogues are expected to be more incomplete for extended objects. Therefore,
observed cluster samples in the discs of galaxies such as M 31 and M 33 can be bi-
ased towards more compact clusters. However, in more distant galaxies, the opposite
effect may occur: due to limited spatial resolution, very compact clusters can remain
unresolved, appear as point sources, and consequently be mistaken for individual stars
(Larsen|2004; Ryon et al.[2017; [Brown & Gnedin/2021;|Maschmann et al.|2024)).

It is noteworthy, Johnson et al.| (2015) reported that the PHAT cluster catalogue
is 50% complete down to masses of ~500 M, for clusters younger than 100 Myr.
Our cluster models of 100 Myr age, assuming a detection threshold of CBR > 1.0,
yield essentially the same limiting mass. This agreement supports our assumption
that the CBR > 1.0 limit roughly corresponds to the sensitivity of visual human-eye
searches. We note that Johnson et al.| (2015) considered all clusters younger than
100 Myr, whereas our estimate applies to an exact age of 100 Myr; thus, the adopted
CBR > 1.0 detection threshold may be somewhat less restrictive than the practical
limit achieved by the citizen-science search of Johnson et al| (2015). This suggests
that the PHAT star cluster catalogue could likely still be extended to lower cluster
masses (M < 500 M), especially through the use advanced modern ML-based detec-
tion techniques (e.g., Bialopetravicius et al.|2019; |Thilker et al.|2022).

Furthermore, we used the measured CBR values to estimate how selection effects
influence the observed cluster mass function (CMF) in the context of the PHAT sur-
vey. We explore this in Fig.[5.9] As the intrinsic initial CMF, we adopted a Schechter
function with power-law slope of 8 = —2 (Schechter|1976; |Gieles[2009) and a trunca-
tion mass of M¢ = 10* My, consistent with the CMF results derived for the M 31 disc
cluster population by Johnson et al.|(2017). We emphasise that interstellar extinction
is not included in the calculations of completeness and selection effects discussed be-
low. In some cases this omission can have a substantial impact, particularly for very
young clusters. As noted by Maschmann et al.| (2024), UV-optical-near-IR obser-
vations of clusters younger than ¢ < 5-10 Myr can suffer from significantly stronger
incompleteness, since they are often still embedded in their natal gas and dust clouds
(Knutas et al.|2025} |Pedrini et al.|2026). On this basis, to avoid presenting unrealistic
and potentially misleading results, we restrict the following analysis to clusters older
than 10 Myr.

The top panel of Fig.[5.9] compares the recovered CMFs for several cluster ages
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Figure 5.9. Selection effects on cluster mass functions (CMFs) caused by the cluster
detection incompleteness. The initial CMF is shown by the black line and follows a
Schechter function with a power-law index 8 = —2 and truncation mass Mc = 10* M.
Top panel: resulting CMFs for artificial clusters of different ages (see legend) in the
B3 field, assuming detection thresholds of CBR > 1.0 (dashed lines) and CBR > 0.4
(solid lines). Bottom panel: CMFs for clusters of log,,(#/yr) = 9.0 age in the B1-B5
fields, representing the dependence on environment and radial distance from the centre
of M 31, assuming a detection threshold of CBR > 0.4. The results in both panels are
based on simulated clusters with half-light radii in the range Rsy = 0.25” — 1.00".

under two assumed detection thresholds: CBR > 1.0 (dashed curves) and CBR > 0.4
(solid curves). Since these results are based on the B3 field, they are representative
of the typical conditions experienced by a majority of star clusters in the M 31 disc.
For clusters younger than 100 Myr, a detection threshold of CBR > 0.4 enables the
CMF to be recovered down to masses of ~300 My. By comparison, if the effective
cluster detection limit is closer to CBR > 1.0, incompleteness begins to affect the
observed CMF already below ~1000 M. At an age of 100 Myr these mass limits are
~600 Mg and ~1800 M, for CBR > 0.4 and CBR > 1.0, respectively. Therefore,
ML-based cluster detection methods have the potential to lower the minimum mass
limit for reliable CMF studies by roughly a factor of three relative to visual human-
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eye searches. This suggests that, for young clusters in the disc of M 31 — and similarly
also in M 33 — advanced cluster detection algorithms could make it possible to study
the CMF in the very low-mass regime, which has so far remained largely unexplored
in extragalactic cluster studies.

In the bottom panel of Fig.[5.9|we demonstrate that the recoverable CMF also de-
pends strongly on the local environment, primarily through changes in stellar density
with galactocentric distance. Here, we show the results for 1 Gyr age clusters as-
suming a detection threshold of CBR > 0.4. In the sparse outer-disc environments
represented by the B1 and B2 fields, the CMF can still be recovered down to masses
of ~500 M. In the more crowded B3 and B4 background fields, associated with the
star-forming and intermediate-density regions, the corresponding mass limit increases
to ~1500 Mg. In the very dense inner-disc BS field environment, the CMF is com-
plete only above ~3000 M. We note that the flat tail near ~300 M, visible for the B5
field is not physical, but instead reflects small-number statistics caused from the very
limited number of low-mass clusters satisfying detection limit in this particular case.
Overall, these results show that the minimum cluster mass above which the CMF can
be studied reliably varies by several times across the M 31 disc. This illustrates that
in any study of the CMF, especially if radial trends are investigated, it is necessary to
cautiously consider the strong environmental dependence of selection effects.

5.5 Summary

In this Chapter, we extended the analysis presented in Chapterfd] by investigating how
sky background affects the accuracy and applicability of aperture photometry ap-
proach for star cluster studies in nearby galaxies. While the previous Chapter focused
primarily on stochastic effects intrinsic to the clusters themselves, here we examined
uncertainties and biases introduced by realistic galactic disc environments. To do this,
we again employed the stochastic cluster models presented in Chapter[3] and placed
them into five real background fields from the PHAT survey data (Dalcanton et al.
2012), selected to represent a broad range of stellar densities and environments found
across the disc of M 31. These mock observations allowed us to reproduce, as closely
as possible, the conditions under which PHAT star clusters are observed (Johnson et al.
2015). We then measured the resulting images using aperture photometry, estimated
photometric uncertainties and deviations introduced by sky background effects, deter-
mined optimal aperture sizes, investigated cluster selections effects and completeness
limits in the context of the PHAT survey.

Using these simulations, we identified the regions of cluster age—mass parame-
ter space in which PHAT-quality photometry is sufficiently accurate to derive reliable
physical parameters. In particular, we determined where photometric uncertainties are
small enough to simultaneously constrain cluster age, mass, extinction, and metallic-
ity (de Meulenaer et al.|2014} [2015)). We found that these limits depend on the local
background environment and on the aperture size used for the measurements. For
clusters located in a typical M 31 disc field, our results show that at an age of 1 Gyr,
reliable determination of age, mass, and extinction (assuming known metallicity) is
possible for objects with M > 1600 My. However, the photometry is generally accu-
rate enough only for rough age and mass estimates for clusters 500 < M < 1600 M.
At t = 100Myr these limits shift to lower masses, reaching M > 500 My and
200 £ M < 500 Mg, respectively.
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An important result we found is that the optimal aperture size depends not only on
cluster structure, as discussed in in Chapterfd] but also on cluster brightness once the
sky background is introduced. We derived optimal aperture radii, R,p;, which yield the
lowest photometric uncertainties, and showed that brighter clusters generally require
larger apertures. Across the explored ~10 mag interval in luminosity, Rop changes
by roughly a factor of two, despite identical geometric parameters. For colour mea-
surements of typical-size clusters, the optimal aperture radii are ~(1-2)xRsp, which
is consistent with our recommendations suggested in Chapterfd] Results found in this
Chapter further strengthen the conclusion that apertures smaller than the half-light ra-
dius for colour measurements should be avoided, because they are very sensitive to
stochastic and sky background effects.

We also demonstrated that the sky background can introduce systematic biases to
the measured photometric properties. For faint clusters, beyond a certain brightness
threshold, integrated magnitudes and colours begin to deviate from their true values. In
most cases, the affected clusters appear both brighter and redder than they intrinsically
are, and these deviations increase for fainter and more extended systems. Such effects
can lead to incorrect estimates of cluster physical parameters if they are not properly
accounted for.

We also focused on the impact of the background environment on cluster de-
tectability and catalogue completeness in the context of PHAT survey. We determined
the regions of cluster age—mass parameter space in which at least 50% completeness
can be achieved. In a typical M 31 cluster environment, the corresponding complete-
ness limits are ~250 Mg, for 100 Myr age clusters, ~400 M, at 300 Myr, and ~1300 Mg,
at 1 Gyr. However, these limits vary substantially across the M 31 disc. In the outer,
low-density regions, considerably lower-mass clusters can be detected, whereas in the
crowded inner disc the same completeness can only be reached for much more massive
objects. We also found that in the PHAT survey, a significant selection bias towards
more compact clusters may exist. Without accounting for this effect, investigations of
cluster structure — including studies of cluster size distribution, various scaling rela-
tions, structural evolution, or cluster disruption — may yield misleading conclusions.

Finally, we explored how these completeness effects influence the observed CMF
in the M 31 disc. We found that the minimum cluster mass above which the CMF can
be studied reliably depends strongly on the local environment. At an age of 1 Gyr,
the CMF can be recovered down to ~500M,, in the sparse outer disc, ~1500 Mg
in the intermediate-density and star-forming regions, and only ~3000 M, in the ex-
tremely crowded inner disc. These results stress that any attempt to investigate radial
or environmental variations of the CMF in M 31 must include a careful treatment of
completeness and selection effects.

Taken together, the results of this Chapter complement those of Chapter[d]and pro-
vide a more complete picture of the practical limitations of aperture photometry for
star cluster studies in the nearby galaxies. They are particularly useful for planning fu-
ture observations, interpreting existing survey catalogues, and developing automated
ML-based methods for cluster detection and aperture photometry. The findings pre-
sented here indicate that future cluster identification and photometry algorithms will
need to account explicitly for complex issues arising due to stochasticity and varia-
tions in the local background. Such tools will become increasingly important as up-
coming wide-field surveys exponentially expand the amount of available star cluster
data, making manual, highly interactive methods impractical.
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Chapter 6

Star clusters in the disc of M 31

The previous two Chapters focused on determining the limits of the aperture photom-
etry approach for studying star clusters in nearby galaxies, with particular emphasis
on the M 31 PHAT survey. Having quantified these limitations — primarily arising
from stochastic and sky background effects — we are now able to assess and demon-
strate what important astrophysical insights into star cluster populations and their host
galaxies can be reliably obtained from real observations when operating close to these
limits.

In this Chapter, we turn to the star cluster population in the disc of M 31 and inves-
tigate what constraints can be placed on their formation and evolution despite these
challenges. In particular, we focus on low and intermediate mass clusters (~300-
30 000 M), a regime where stochastic effects are non-negligible and where previous
extragalactic studies have been relatively limited. Owing to its proximity and avail-
ability of high-resolution imaging from PHAT survey, M 31 provides an ideal labora-
tory for such analysis within a disc of a spiral galaxy similar to the MW. The survey
covers more than 20 kpc of radial distance in the north-eastern disc, enabling the in-
vestigation of clusters across a wide range of environments and physical properties.

Using cluster parameters derived from a combination of adaptive aperture pho-
tometry and resolved stellar photometry, and by employing statistical analysis, we
aim to characterise the structural evolution of M 31 disc star clusters, and to examine
correlations between their sizes and other key physical properties. Our ultimate goal
is to improve the understanding of cluster formation and evolution, the underlying
governing physical processes, and to provide observational constraints for theoretical
models, particularly by extending the analysis into lower cluster mass regime than
typically explored in previous extragalactic star cluster studies.

6.1 Star cluster data

We use a catalogue of physical and structural parameters for star clusters in the north-
eastern part of the M 31 disc (Kriscitnas et al.[2026), which is based on the PHAT sur-
vey observations (Dalcanton et al.[2012)) and the original M 31 PHAT star cluster cat-
alogue (Johnson et al.2015)). The cluster physical parameters provided in [Kris¢itinas
et al.|(2026) catalogue were derived using PHAT cluster adaptive aperture photometry
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photometry of resolved stars from [Williams et al.|(2023)), which was used to construct
cluster CMDs.

Physical parameters (age, mass, and extinction) were determined assuming fixed
solar metallicity. Preliminary estimates were obtained by comparing integrated aper-
ture photometry measurements with stochastic stellar population models, following
the methodology described in [de Meulenaer et al.| (2015, 2017). These parameters
were subsequently refined through CMD analysis and isochrone fitting of resolved
stars (Ceponis et al.[[2024). For each cluster, the final values were derived through an
interactive assessment of more than 150 diagnostic elements, including 1D and 2D
probability maps, CMDs, as well as colour and single-passband images of the clusters
and their surrounding regions. Thus, the final physical parameters combine constraints
from both aperture photometry and CMD analysis, consistent with our conclusion in
Sectionfd.4] that such an approach likely yields the most robust results.

Structural parameters were derived from flux growth curves, in a manner similar
to that described in Sectiond.I] In the following analysis, we consider the half-light
radius, Rsg, as well as Rz and Rgy, which enclose 30% and 80% of the total cluster
flux, respectively. Further details on the cluster parameter determination procedures
are provided in [KriScitinas et al.[(2026).

The catalogue (Kriscitnas et al.[[2026) includes parameters for a sample of 1922
star clusters younger than 800 Myr. Their spatial distribution across the M 31 disc is
shown in Fig.[6.1} The majority of clusters are located in regions of active star forma-
tion, as traced by strong dust emission seen in the 70 um Spitzer/MIPS image, most
prominently within the well-known 10kpc ring. Following additional inspection of
cluster images, growth curves, and CMDs, four objects (AP0906, AP4226, AP4633,
AP4936) were excluded from further analysis, because we came to conclusion that
their structural parameters cannot be determined reliably. This results in the final
sample of 1918 clusters used for this study.

6.1.1 Consistency of structural parameter measurements

Since the major focus of this Chapter is structural evolution of star clusters in the M 31
disc, we first assess the consistency of the derived structural parameters. In Figl6.2] we
examine the robustness of structural parameters by comparing measurements obtained
in three different passbands: F336W, F475W, and F814W. The comparison between
the F336W and F475W filters shows that structural parameters derived in the near-UV
and optical bands are in good agreement. No systematic offsets or biases are evident:
the measurements closely follow the identity relation, with relatively small scatter.

In contrast, a mild systematic difference appears when comparing F475W and
F814W measurements. For all three structural parameters considered here, values
derived in F814W tend to be systematically larger than those obtained in F475W.
We suggest that such behaviour is most likely driven by sky background effects. In
relatively sparse fields, resolved IR-bright field stars may not be fully accounted for
when subtracting a constant background level. If such stars are projected near the outer
regions of a cluster, yet remain within its photometric aperture, they can artificially
increase the measured flux at large radii, leading to an overestimation of cluster size
in the IR.

To test this interpretation, we employ realistic mock cluster observations used
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Figure 6.1. Spatial distribution of 1922 star clusters from the Kris¢itinas et al.| (2026)
catalogue. Cluster locations are shown as red dots on the 70 um Spitzer/MIPS map of
M 31. White ellipses indicate galactocentric distances of 5, 10, 15, and 20 kpc. North
is up and east is to the left.

throughout Chapter[5} We consider models with log;,(M/Mg) = 3 and ages of 100
and 300 Myr. Figure[6.3h shows a comparison of Rsy measured in the F475W and
F814W passbands in the absence of sky background (BO field; see Fig[5.1). In this
case, the Rsy measurements are consistent between the optical and near-infrared bands:
most clusters lie close to the identity line, with low scatter and no evident systematic
bias. The remaining outliers, which show larger Rs, differences between the bands,
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Figure 6.2. Comparison of star cluster structural parameters measured in three HST
passbands. The top row shows comparisons between F336W and F475W, while the
bottom row compares F475W and F814W. The left, middle, and right columns cor-
respond to R3, Rso, and Rgg, respectively.
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Figure 6.3. Impact of sky background on structural parameter measurements. Panel
a) shows a comparison of Rsy measured in F475W and F814W for cluster models
without background (BO field; see Fig.[5.I). Panel b) shows the same comparison
for models embedded in a background field (B1; see Fig.[5.I). The sample includes
clusters with log,,(M/My) = 3 and ages of 100 and 300 Myr.

are primarily driven by stochastic effects discussed in Chapterfd] In particular, the
presence of IR-bright PMS stars near the outer regions of a cluster can cause it to ap-
pear larger in F814W, whereas such stars located near the cluster centre may lead to
an underestimation of its size relative to F475W.
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Panel b) of Fig.[6.3] presents the same comparison for clusters inserted into a real,
relatively sparse background field located at ~15 kpc from the M 31 centre (the B1
field; see Fig.@). In this case, a behaviour similar to that observed in Fig.@
emerges. A systematic shift is evident, with Rsy values measured in F814W being
slightly larger than those in F475W, and the overall scatter increasing. Importantly,
we do not observe significant differences when comparing Rsy measured in F475W
with and without background. These results support our interpretation that the sys-
tematic offset seen in the IR arises due to sky background effects.
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Figure 6.4. Comparison of cluster half-light radii, Rsy, for objects common to the
Kriscitnas et al.| (2026) and [Johnson et al.| (2015) catalogues. Panel a) shows Rs
on Y-axis, both in logarithmic scale. Panel b) presents distributions of Rsy values in
the two catalogues (see legend). Vertical dashed lines mark 30 clipped medians of
respective distributions.

To further evaluate the reliability of the structural parameters, in Fig.[6.4] we com-
pare Rso measurements from [Kriscitinas et al.| (2026) with those reported by Johnson
et al.|(2015)) for clusters common to both catalogues (1912 objects in total). As shown
in Fig.[6.4p, the two sets of measurements show a strong correlation, with most val-
ues in good agreement. The largest outliers can be attributed primarily to differences
in the adopted photometric apertures and their centring. For example, in some cases
Johnson et al.|(2015)) used apertures with radii larger by more than 1” (corresponding
to ~3.8 pc at the distance of M 31) compared to those used by Naujalis et al.| (2021])
or KriScitnas et al.| (2023)). This effect is most prominent for young clusters located
within larger groups or associations of young stars. A small systematic offset is also
present, with Rsy values from [Johnson et al.| (2015) being slightly smaller on average
than those reported by [Kriscitinas et al.[ (2026)).

In Fig.[6.4p we show distributions of Rsy in both catalogues. Overall, they appear
similar and in good agreement, with no significant differences visible. After applying
3o-clipping to reduce the influence of outliers, the difference between median half-
light radii, Rsp, is only ~0.1 pc: Rsp = 1.71f8:§; pc forJohnson et al.| (2015)), and Rso =

vvvvv

1.82*07¢ pe for [KrisCitinas et al.|(2026), where the uncertainties correspond to the 16th

and 84th percentiles. Despite these small differences, the cluster size estimates are
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consistent between the two catalogues. In the remainder of this study, we adopt cluster
structural parameters derived in the F475W passband. As already noted in Section[4.5]
this filter provides the highest signal-to-noise ratio among the PHAT passbands, and
is comparatively less affected by contamination from bright red field stars.

6.1.2 Overview of cluster parameters

Count
Ul
o

o

e Rs50<1.8 pc (N=904)
4.5+ - Rsp=1.8pc (N=1014) - . . . -

65 7.0 75 80 85 9.0 50 100
log(t/yr) Count

Figure 6.5. Mass—age diagram of M 31 star clusters. Objects are divided into two
groups based on their half-light radii: compact (Rsy < 1.8 pc; blue) and extended
(Rsp > 1.8pc; red) clusters. A small random Gaussian jitter is applied to the data
points for visual clarity (cc = 0.01 in log,y(¢/yr) and o = 0.025 in log,,(M/Mp)).
The top panel shows the age distributions of both groups, while the right-hand panel
presents their mass distributions.

In Fig.[6.5] we present an overview of the main star cluster parameters considered
in further analysis. The figure shows cluster mass—age diagram, where objects are
divided into two groups based on their Rsy: more extended clusters (Rsyp > 1.8 pc;
red points), and more compact ones (Rsyp < 1.8 pc; blue points). Overall, the sample
spans a broad mass range, from <300 Mg to ~30 000 Mg, with the majority of clusters
having masses >1000 Mg. Decline in the number of low-mass clusters — most clearly
seen in the mass distribution shown in the right-hand panel of Fig.[6.5]- is likely driven
by selection effects (see Section[5.4) rather than reflecting a physical trend. In contrast,
the observed decrease in the number of high-mass clusters (M > 2000 M) is more
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likely of physical origin, as this mass regime is expected to be largely unaffected by
catalogue incompleteness, as shown in Section[5.4] (see Figs.[5.8]and [5.9).
The age distribution, shown in the top panel of Fig.[6.5] exhibits a prominent peak

likely indicates an episode of enhanced cluster formation, possibly triggered by an
interaction with the satellite galaxy M 32 (Gordon et al. [2006; Block et al.|[2006j
Dierickx et al|[2014). The most consistent scenario is the one proposed by (Block
et al.[[2006), in which M 32 passed through the centre of M 31 ~210 Myr ago. In
addition, [Vansevicius et al.| (2009) reported a peak in cluster formation ~70 Myr ago
in the south-western part of the disc, which may be linked to a secondary passage of
M 32 under the |Block et al.| (2006) scenario. The ~200 Myr star formation burst is
also supported by recentDe Somma et al.|(2025)) study of Cepheid ages. A significant
decline in cluster number beyond ~300Myr is likely a result of a combination of
selection effects and cluster disruption.

It is also worth noting that, although majority of young systems (¢ < 100 Myr) have
masses below 5000 M, there is a subset of rather massive objects, some exceeding
~10 000 M. A considerable fraction of these are relatively extended (Rsy > 1.8 pc),
suggesting that they are unbound stellar associations rather than gravitationally bound
star clusters.

When considering the two cluster size groups separately, the age distribution of ex-
tended clusters peaks at slightly older age compared to compact objects. Their mass
distributions show that larger clusters tend to be more massive. While the difference
in locations of peaks is modest, a more pronounced distinction is seen in the distri-
bution tails: extended clusters exhibit a significantly stronger high-mass tail, whereas
compact clusters dominate the low-mass end. This behaviour suggests a presence of
the mass—radius relation, which is explored in more detail in the following sections of
this Chapter.

6.1.3 Cluster sizes in Local Group spiral galaxies

Here, we examine the distribution of cluster half-light radii in the M 31 disc in more
detail and compare it with those in other Local Group spiral galaxies (Fig.[6.6). For
both M 33 and MW, we limit the samples to clusters younger than ~800 Myr and
log,((M/Mg) < 5 to ensure consistent comparison with M 31. The M 33 data are
taken from the PHATTER star cluster catalogue (Johnson et al. [2022), where Rsq
values were derived using the same methodology as for M 31 clusters in Johnson
et al|(2015). As shown in Section[6.1.1] (see Fig.[6.4), the Rsy measurements adopted
et al.| (2015)) and exhibit consistent median values, thus a robust comparison with M 33
is also expected.

For the MW, cluster size estimates are taken from the Hunt & Reffert (2024) Gaia
star cluster catalogue, where radii are derived using a different approach based on clus-
ter member-stars counting. As an analogue of Rsg, we use the on-sky projected radius
enclosing 50% of cluster members within the best-fitting Jacobi radius (detailed defi-
nitions are provided in|Hunt & Reffert (2024))). The Jacobi radius defines the boundary
within which stars remain gravitationally bound to the cluster in the presence of the
host galaxy’s tidal field. This definition is therefore best suited for our analysis, as we
aim to compare gravitationally bound systems. An alternative size measure reported
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Figure 6.6. Comparison of star cluster size distribution in M 31 with those in other
spiral galaxies of the Local Group. M 33 cluster data are taken from (Johnson et al.
2022). MW cluster data are from |Hunt & Reffert| (2024). Only clusters younger than
800 Myr and log;,(M/Mgy) < 5 are included for all galaxies. For visual clarity, the
histograms for M 33 and MW are slightly offset relative to that of M 31.

in Hunt & Reffert (2024) — the radius enclosing 50% of all members, including those
beyond the Jacobi radius — is affected by tidal tails, a feature that is generally not de-
tectable at extragalactic distances, and which could possibly introduce inconsistencies
in our analysis (E. L. Hunt, private communication). Therefore, the comparison with
the MW cluster sample is less direct and should be interpreted with caution. We em-
phasise that we include only those MW objects that Hunt & Reftert|(2024) classify as
“open clusters”.

Figure.@] shows that MW star clusters are, on average, more extended than those
in M 31 and M 33, while M 33 clusters are slightly more compact than those in M 31.
The 3o-clipped statistics for median half-light radius, Rso (with = 16th and 84th per-
centiles), are as follows: Rso = 1.82*078 pc for M 31; Rsp = 1.35704¢ pc for M 33;
Rsy = 3.10:1):;2 pc for MW.

The MW cluster size distribution is broadly consistent with results for other nearby
galaxies (<10 Mpc) outside the Local Group, where the typical peak of young clus-
ter size distributions is Rsg ~ 3 pc (Larsen!|2004; |Lee et al.|[2005} Scheepmaker et al.
2007; Ryon et al.[|2015, 2017; Brown & Gnedin|[2021)). On the other hand, star clus-
ters in M 31 and M 33 appear to be noticeably more compact compared to those in
other nearby galaxies. These discrepancies may partly arise from differences in size
measurement techniques or selection effects. In particular, the discrepancy with the
MW could be driven by the aforementioned inability to detect tidal tails in extragalac-
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tic clusters, which may lead to systematically underestimated cluster radii in M 31
and M 33. At the same time, an intrinsic environmental dependence of characteristic
cluster size cannot be ruled out, especially given that previous studies (Kodaira et al.
2004; Vansevicius et al.|2009; |San Roman et al.|2012) have also suggested a compact
nature of star clusters in both M 31 and M 33.

For M 31, ground-based Subaru Suprime-Cam observations of the south-western
part of the galaxy’s disc (Kodaira et al.|[2004; Sablevicitité et al.| 2006, 2007; [Van-
sevicius et al.|[2009) indicate that clusters in this region are typically compact. In
particular, [VanseviCius et al.| (2009) report a characteristic size of Rsg ~ 1.5pc, in
good agreement with the results presented here, despite differences in instrumentation
and methodology. Since our analysis focuses on the north-eastern part of the disc, this
suggests that clusters are compact throughout the entire M 31 disc. A similar picure
emerges for M 33. A study of 161 star clusters in M 33 based on the HST ACS/WFC
observations (San Roman et al.|[2009, [2012) has shown that clusters in M 33 seem to
be generally smaller than those in the MW, M 31, and the Magellanic Clouds. Overall,
results presented in Fig.[6.6|are consistent with these previously reported findings.

6.2 Star cluster structural evolution

We now focus on star cluster structural properties variation with age. Our aim is to
characterise the structural evolution of gravitationally bound star clusters. However,
as noted in Section@ the Kriscitinas et al.| (2026)) sample likely includes some stel-
lar associations and other unbound, dissolving systems. To minimise contamination
by such objects, we adopt the approach of (Gieles & Portegies Zwart (201 1)), which is
widely used in extragalactic cluster studies. To distinguish bound clusters from asso-
ciations, (Gieles & Portegies Zwart| (2011) introduced the dynamical age, I1, defined
as the ratio of cluster age, ¢, to the crossing time of member stars in the cluster, 7.;:

I = t/t, (6.1)
where crossing time is defined as follows:
R \2
for = 10(6—;‘/}) : (6.2)

with G denoting the gravitational constant and M being the cluster’s mass. According
to|Gieles & Portegies Zwart|(2011), a distinction between bound and unbound objects
can be made at II = 1, where Il > 1 are bound clusters, while those with IT < 1
are likely unbound associations. They note, however, that while the IT = 1 bound-
ary provides a robust distinction between clusters and associations for objects with
t 2 10Myr, it is less reliable at younger ages; nonetheless it still remains a practical
separator even for ¢ < 10 Myr objects.

Figure[6.7)shows Rs as a function of cluster age. The left panels present results for
M 31 disc clusters: panel a) includes all 1918 objects considered in this study, while
b) panel shows only those satisfying the I1 > 1 selection criterion. When no constraint
on I1is applied, no clear trend of cluster size expansion or contraction is visible. How-
ever, during the first ~50 Myr, the spread in Rs is significantly larger, with both more
compact and more extended systems present compared to older populations. This may
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Figure 6.7. Cluster size as a function of age. Panel a) shows all 1918 M 31 objects
considered in this study, while panel b) includes only those M 31 clusters satisfying
the dynamical age criterion IT > 1. Panel c¢) presents results for M 33 star clusters from
(Johnson et al|2022)) catalogue. Panel d) shows MW clusters from Gaia catalogue of
[Hunt & Reffert (2024)); for the MW, only objects classified as “open clusters” in the
catalogue are included. For M 33 and MW, we consider clusters with ¢ < 800 Myr
and log,,(M/Mg) < 5 that satisfy the IT > 1 criterion. Red curves indicate the median
trend of Rsg evolution with age. Cyan curves show evolutionary tracks of individual
star cluster models from the SPHGAL +KETJU simulation (Lahén et al.2025)), smoothed
using a sliding window of width 0.2 dex in log,,(¢/yr) axis. Dashed lines mark the
IT = 1 boundaries for different cluster masses.

indicate ongoing structural evolution, where extended objects represent gradually dis-
solving unbound systems while compact clusters are expanding.

After applying the IT > 1 criterion to exclude objects that are most likely unbound,
a clearer trend emerges: the median Rs, increases with age. This growth occurs pri-
marily within the first ~100 Myr, with the most significant apparent expansion hap-
pening during the first ~30 Myr. In this age interval, when adopting the IT > 1 limit,
the median Rs increases by more than a factor of two — from ~0.6 pc to ~1.6 pc, cor-
responding to log,y(Rso/pc) from ~(-0.2) to ~0.2. We note that similar trend, albeit
somewhat weaker, is visible when adopting a less strict threshold (e.g., IT > 0.5; Ap-
pendix, Fig.[A6b). We emphasise that, unless stated otherwise, we restrict the sample
to objects satisfying the IT > 1 in the following analysis.

The right-hand panels of Fig.[6.7] place these results for the M 31 disc in a broader
context by showing the cluster size—age relation in other Local Group spiral galax-
ies. For M 33 and the MW, we use the aforementioned catalogues of
(2022)) and Hunt & Reffert| (2024), respectively. Similar to M 31, neither galaxy ex-
hibits strong cluster size evolution beyond ~100 Myr. with the median Rso remaining
approximately constant or showing only a mild increase. Given the early expansion
observed in M 31, we examine this aspect in M 33 and the MW in more detail below.

For M 33, we do not see significant early evolution of Rsy based on the

(2022) data (Fig.[6.7k). This could indicate that the rapid early cluster expansion
observed in M 31 star clusters does not occur in M 33. However, we suggest that
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this difference may also arise from methodological effects. As noted in Section[6.1.3]
Rs values in |[Johnson et al.| (2022) are derived using the same approach as for M 31
clusters in Johnson et al| (2015). As discussed in Section[6.1.1] (see also Fig.[6.4), the
largest outliers when comparing Johnson et al.|(2015)) and [KriS¢itnas et al.|(2026) esti-
mates occur for young star clusters, for whichJohnson et al.|(2015) adopt significantly

.....

the same objects. As a result, for these young clusters, |Johnson et al.| (2015)) typically
derive larger Rsg values than [Kris¢itnas et al.| (2026). A similar systematic effect in
the case of M 33 sample could mask an underlying trend of early Rsy expansion in this
galaxy.

Previous studies of M 33 clusters can provide additional context. [San Roman
et al.[(2012)) investigated cluster structural parameters as a function of age for M 33
star clusters, although their sample mainly consists of objects with ages from 100 Myr
to 1 Gyr. Importantly, they reported no correlation between Rsg and cluster age, which
is consistent with the trend shown in Fig.[6.7c and our results for M 31 star clusters
over the same age range (Fig.). However, San Roman et al.| (2012) found that
older clusters exhibit a broader range of core radii, ., suggesting possible structural
evolution at later stages.

For the MW, Fig.[6.7d shows a strong increase in median cluster radius with age
up to ~50 Myr. However, this trend closely follows the slope of the IT = 1 boundary,
and the number of clusters younger than 10 Myr is relatively small. This suggests that,
most likely, the apparent growth is largely driven by the adopted IT > 1 selection crite-
rion. Therefore, we cannot confidently conclude that the observed behaviour, although
similar to that seen in M 31, reflects a genuine structural evolution of MW clusters,
especially given that the radii measurement method for Galactic clusters differs fun-
damentally from that used for extragalactic samples, as discussed in Section.[6.1.3]

A recent study by Della Croce et al.| (2024) provides additional but important in-
sight. They performed a systematic kinematic analysis of young (¢ < 300 Myr) MW
star clusters based on the Gaia DR3 data. Importantly, they found that the majority of
clusters younger than ~30 Myr are currently undergoing significant expansion, while
older clusters are generally found to be compatible with the equilibrium state. This
is highly consistent with our findings in the M 31. Furthermore, by comparing their
results in the MW with N-body simulations of young star clusters (Livernois et al.
2021), Della Croce et al.| (2024) showed that the observed expansion is consistent
with systems experiencing violent relaxation and evolving towards virial equilibrium.
They also suggest that residual gas removal and mass loss due to stellar evolution are
likely to be key drivers of the observed expansion as well.

In the context of Local Group galaxies, it is also worth noting a study by |Gatto
et al.| (2021)), who analysed structural evolution of clusters in Magellanic Clouds by
combining their sample of 134 Small Magellanic Cloud clusters with those in Large
and Small Magellanic Clouds studied earlier by Mackey & Gilmore| (2003alb). (Gatto
et al.[(2021)) found that young clusters are compact and seem to undergo rapid expan-
sion within the first 10-20 Myr, followed by a phase of little structural evolution over
the next 200-300 Myr. This picture is generally in good agreement with our results
for the M 31 disc clusters and the findings of [Della Croce et al.| (2024) in the MW.
Additionally, |Gatto et al.| (2021)) also reported an increasing spread in r, at ages be-
yond ~200 Myr, similar to the trend identified by |San Roman et al.| (2012} for M 33
clusters.
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In Fig.[6.7} we also compare our observational results with evolutionary tracks of
individual clusters from the SPHGAL + KETJU simulations, which follow star cluster
formation within a star-by-star galaxy model and include hydrodynamics, star for-
mation, stellar evolution, and collisional gravitational interactions between stars and
stellar remnants (Lahén et al.|2025)). In particular, we use results from a simulation of a
dwarf galaxy with 1% solar metallicity and virial mass of 4 x 10'© M. Unfortunately,
comparable star-by-star simulations of low-mass cluster formation and evolution in
M 31- or MW-like galaxies are not yet available. Despite the vast differences between
the simulation setup and the environment of M 31, we find that the model evolutionary
tracks agree well with our results when the IT > 1 selection criterion is applied. The
offset in cluster sizes between the M 31 sample and SPHGAL + KETJU models is most
likely a cluster mass effect — all simulated clusters have masses <800 M, whereas
the majority of Kriscitinas et al.| (2026) objects are >1000 M. We note that at in-
creased metallicity (10% solar) the trend of model size evolution remains very similar
(N. Lahén, private communication). Although the physical conditions in|Lahén et al.
(2025) simulations differ greatly from those in M 31 — making direct comparison and
drawing concrete conclusions difficult — the general agreement between observations
and state-of-the-art modelling results is encouraging, and hints towards a possible the-
oretical explanation of the apparent expansion of young clusters in the M 31 disc.

Lahén et al.|(2025)) find that clusters in SPHGAL + KET JU simulations become ex-
posed within the first few Myr, once the first photoionizing stars ignite and their pre-
SN stellar winds remove the remaining natal gas. This picture is supported by recent
JWST studies of young embedded star clusters in nearby galaxies (Knutas et al.[2025
Pedrini et al.|[2026), which show that clusters become fully exposed in ~6 Myr. As
a result of this early gas expulsion, low-mass clusters experience heavy mass loss,
significantly reducing their gravitational potential. Subsequent mass loss driven by
stellar evolution and dynamical processes then leads to rapid cluster expansion shortly
after the ignition of massive stars and onset of their feedback.

The agreement between our observational results and the SPHGAL + KET JU models
suggests that a similar mechanism — driven primarily by internal cluster processes
such as mass loss due to stellar feedback, stellar evolution, and internal gravitational
interactions — may be responsible for the early structural evolution of star clusters in
the M 31 disc. Notably, Jgrgensen & Churchl (2025), who simulated the impact of
GMCs on the evolution of young star clusters in M 51, found that such effects do
not produce measurable or detectable impact on cluster structural properties over a
timescale of 200 Myr. This further supports our interpretation that the increase of
Rso with age observed in Fig.[6.7b mainly reflects ongoing internal cluster processes,
rather than the effects of stochastic external perturbations, such as GMC encounters.

An alternative explanation for the observed trend of increasing Rsy with age could
be the presence of selection effects, in particular, those introduced by the adoption of
a IT selection criterion. As shown in Fig.[6.7p, the slope of the IT > 1 boundary during
the first ~30 Myr removes a substantial fraction of the youngest and most extended
systems. Some of these could be large yet still gravitationally bound, introducing the
possibility that the apparent growth is artificially induced by such selection. This ef-
fect becomes more pronounced when a stricter threshold (e.g., I1 > 2; see Appendix,
Fig.[A6) is applied. However, we note that very compact objects (Rsyo ~ 0.5 — 1.0 pc,
corresponding to ~2.5-5.0 ACS/WFC pixels) are present among clusters younger than
~100 Myr but are largely absent at older ages. Based on the results discussed in Chap-
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ter[d] and Chapter[5] we argue that star clusters of this size in the 100-300 Myr age
range should not be strongly affected by selection effects: they remain relatively bright
and blue compared to the average sky background dominated by older stellar popu-
lations in the M 31 disc, and they are sufficiently extended to be distinguished from
point sources.
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Figure 6.8. Comparison of cluster half-light radii, Rso, distributions for M 31 clusters
younger than (blue line) and older than (red line) 30 Myr. Solid histograms show
samples selected with the IT > 1 criterion, while the blue dashed histogram includes
all young clusters without this selection.

To further illustrate that cluster sizes change significantly during the first tens of
Myr in the M 31 disc, in Fig.[6.8] we compare Rs distributions of clusters younger
than 30 Myr (blue line) with those older than 30 Myr (red line). A clear difference is
evident between the two populations: the distribution for younger clusters peaks at
Rsp =~ 1.0 pc, whereas for older clusters it shifts to ~1.7 pc. We note that even without
applying the IT selection, the distribution of young clusters remains broadly similar, as
shown by the blue dashed histogram in Fig.[6.8} all clusters older than 30 Myr already
satisfy the IT > 1 criterion. To quantify this difference, we performed Anderson—
Darling test (Anderson & Darling||1954), comparing the # > 30 Myr sample with both
IT-limited and non-limited samples of # < 30 Myr clusters. In both cases, we obtain a
p-value < 0.001, corresponding to a <0.1% probability that the observed differences
between samples arise by chance. We can therefore reject the null hypothesis — that
the two samples are drawn from the same underlying distribution — with high confi-
dence. This provides strong evidence that clusters younger than 30 Myr are truly more
compact than their older counterparts, enabling us to more confidently interpret this as
a signature of genuine physical expansion, rather than an artefact of selection effects.
We emphasise that the timescale of this early expansion phase (~30Myr) coincides
with the lifetimes of SN progenitors, suggesting that stellar evolution processes, such
as pre-SN winds of massive stars and SN feedback, may play a key role in driving the
observed early cluster size growth.
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Figure 6.9. Half-light radius, Rso, versus age for M 31 disc clusters in three mass
bins. Each panel shows a different cluster mass range, ordered from low (top) to high
mass (bottom), with mass ranges indicated in panels. The IT > 1 criterion is applied
in all panels. See the legend and Fig caption for a description of the curves shown.

We also examine how the cluster size—age relation depends on cluster mass. Fig-
ure[6.9]shows Rs as a function of age for three mass intervals, ordered from the lowest
masses in the top panel to the highest in the bottom panel. A clear increase in the char-
acteristic Rsy with age is present in all three mass bins shown. The median trend of
Rso evolution is consistent with SPHGAL + KETJU models across the full mass range;
we note that, the best agreement is seen for clusters with 2.8 < log,,(M/Mp) < 3.3.
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At all ages, more massive clusters tend to have slightly larger median Rsy. Indeed, a
similar trend has been reported by [Pfalzner et al.|(2016) for embedded clusters in the
solar neighbourhood, where more massive systems tend to possess larger initial radii.
A dependence of cluster size on mass is also suggested by theoretical models (e.g.,
Gieles & Renaud|[2016} (Choksi & Kruijssen!2021}; [Grudi¢ et al./[2021] [2023a). The
cluster mass-radius relation is discussed further in Section[6.3}

Alternatively, larger radii of more massive clusters, already seen at young ages,
may reflect their faster early expansion. This may appear counterintuitive, as one
could expect more massive clusters to be more tightly bound, retain their residual gas
longer, and thus preserve their initial structure longer. However, recent JWST studies
(Knutas et al.|2025} |Pedrini et al.[2026) suggest otherwise. They show that, in nearby
galaxies more massive clusters emerge from their embedded phase to fully exposed
phase on shorter timescales, implying that they lose a substantial fraction of their
mass earlier and begin dynamical evolution sooner. Moreover, as seen in Fig.[6.9] star
clusters of different masses have similar radii, indicating that more massive objects are
denser. Higher densities correspond to shorter dynamical timescales, fay, « p 12 and
therefore faster structural evolution. Additionally, the relation between cluster mass
and the mass of the most massive member star (Zhou et al.|2026) implies that more
massive clusters host higher-mass stars with shorter lifetimes. This leads to an earlier
onset of SN feedback and a larger overall contribution from pre-SN stellar winds and
SNe associated with massive stars. If early structural evolution is primarily driven by
such stellar evolution processes, higher mass clusters may evolve more rapidly.

Next, we investigate the evolution of R3y and Ry, alongside Rsy. Figure[6.10]il-
lustrates the age dependence of all three structural parameters together. Distribution
centres for each age bin are marked by red dots, while coloured regions indicate the 1o
uncertainties of the distribution centres, derived from kernel density estimates (KDEs).
Both the centres and their uncertainties are computed from 3o -clipped samples to
minimise the influence of outliers.

Because the parameters are intrinsically correlated, we perform two-dimensional
o-clipping using the [Mahalanobis| (1936) distance. For a given pair of parameters
(e.g., log(Rso) and log(R3)), we estimate the mean vector d and covariance matrix C,
and compute the squared Mahalanobis distance:

D’=d-d)'C'd-d), (6.3)

where d is the data vector. Objects with D > 3 (corresponding to a correlated 30
threshold) are excluded. This method effectively performs clipping within an ellipse
aligned with the intrinsic covariance of the data, ensuring that correlations between
parameters are properly taken into account. We adopt this approach for o-clipping
throughout the remainder of the study.

In Fig.[6.10] we observe that all three structural parameters are increasing with
age. During the first ~40 Myr, this growth is steady; Rsy and Rsy appear to evolve
at a similar rate, while Rgg increases more slowly. Importantly, the most pronounced
growth in all three parameters occurs within first few tens of Myr, supporting our
earlier statement — based purely on Rsy versus age analysis alone — that M 31 disc
clusters undergo rapid and significant expansion during the first ~30 Myr. At later
times, in the ~(40-200) Myr range, the evolution becomes more irregular, where one
parameter may remain nearly constant while the others continue to increase. Beyond
this phase, gradual expansion continues.
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Figure 6.10. Evolution of star cluster structural parameters in the M 31 disc. Coloured
regions show the 1o uncertainty of the distribution centres (marked by red dots) for
each age bin. Centres and their uncertainties are derived from 3o--clipped cluster sam-
ples satisfying I > 1 and including all cluster masses. We note that in b) panel, cen-
troids and their uncertainty regions of 80—-140 Myr and 140-200 Myr age bins overlap.
The red dotted line marks the diagonal along which parameters on both axes change
proportionally.
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Figure 6.11. Evolution of R3g/Rso and Rgy/Rso ratios of star clusters in the M 31
disc. Coloured regions show the 1o uncertainty of the distribution centres (marked by
red dots). Subsequent distribution centres are connected by red arrows. Centres and
their uncertainties are derived from 3o--clipped cluster samples satisfying IT > 1 and
including all cluster masses.

Figurel@ shows the evolution in the R3/Rso versus Rgg/Rso plane, tracing the
relative evolution of inner and outer cluster regions. During the first ~20 Myr, R30/Rs0
remains nearly constant, while Rgy/Rso decreases, confirming that Rgy grows more
slowly than R3p and Rsy. Between ~20 Myr and 140 Myr, Rgy/Rs5 stays roughly con-
stant, whereas R3(/Rso decreases significantly, consistent with the nearly constant R3
seen in Fig.[6.T0h. This timescale coincides with the lifetimes of massive stars, fur-
ther supporting the idea that the observed structural evolution may be primarily linked
to stellar-evolution-driven processes associated with these massive stars, such as SN
feedback and stellar winds.

In recent years, increasing observational evidence for primordial mass segregation
in young (proto-)clusters has emerged (e.g., Plunkett et al.|2018} Nony et al.|[2021}
Zhang et al.|2022; Xu et al.|2024), with more massive stars preferentially concen-
trated towards cluster centres. If such segregation is significant and cluster expansion
is driven by stellar-evolution-induced mass loss, a more pronounced core expansion

102



would be expected, which in this context could be observed as Rjy increasing more
rapidly than Rsg and Rgp. Although both R3p and Rsy indeed grow faster than Rgg
during the first ~40 Myr (Fig.[6.10), we do not observe a clear difference between
the evolution of Rz and Rsy. Consequently, it remains difficult to confidently assess
whether the observed behaviour provides clear evidence for the presence of initial
mass segregation. Beyond ~140 Myr, the ratio R3p/Rso becomes stable and constant,
while Rgp/Rso continues to decrease gradually. This suggests that the outer regions
expand more slowly than the inner parts.

Such structural evolution may indicate that clusters begin to approach a tidally
limited regime: as their outer layers expand towards a tidal boundary imposed by the
galactic tidal field, further growth of Rgy is eventually suppressed, while the inner
cluster regions continue to expand. Heggie & Hut (2003) argue that for tidally lim-
ited clusters undergoing mass loss, the effective radius should contract while the core
expands. However, the continued increase of Rs, observed here therefore implies that
M 31 disc clusters are unlikely to be fully tidally limited, and instead evolve as isolated
systems. At the same time, structural parameters derived from aperture photometry are
subject to stochastic effects, as shown in Section[4.5|(see Figs.[d.1T]and[4.12)), and can
provide inconclusive results. Although most clusters in the studied sample are more
massive than 1000 Mg, and thus less sensitive to stochasticity, and the use of adaptive
aperture photometry helps to reduce some of these effects associated with bright stars,
these results should still be interpreted with caution. Nonetheless, the trends shown in
Figs.[6.10]and [6.TT] suggest that star clusters in the M 31 disc undergo rather complex
structural evolution.

However, the observed variation of cluster structural properties with age may have
an alternative explanation. If a significant cluster age gradient with galactocentric dis-
tance, Rgc, exists within the studied region of the M 31 disc, the apparent structural
evolution could instead reflect environmental effects — such as variations in the galac-
tic tidal field or location-dependent cluster structure — rather than expansion driven by
internal evolutionary processes. Therefore, we examine whether any possible trends
between cluster size and Rgc are present to assess if internal or environmental mech-
anisms drive the apparent structural evolution.

This is explored in Fig.[6.12] For this analysis, we restrict the sample to clusters
located near the major axis, defined by azimuthal angles between —45° to +45° rela-
tive to it, as shown in the top panel of Fig.[6.12] This selection is motivated by the high
inclination angle of M 31 (~77.5°), which introduces increasing uncertainty in Rgc
for clusters located farther from the major axis due to de-projection effects. This is
illustrated in the same panel: at projected distances of ~(10-15) kpc along the X-axis,
beyond the black dashed line marking the +45° direction, three distinct ring structures
begin to blend together as a result of these de-projection uncertainties.

The bottom panel of Fig.@] shows Rs as a function of Rgc for three cluster age
intervals. Overall, we detect no clear cluster size gradient with galactocentric distance
in any age bin; however, a large scatter in Rsg is observed at fixed Rgc. We note that
the structural parameter ratios Rz /Rso and Rso/Rgo exhibit similar behaviour, showing
no evident radial dependence. A notable feature emerges for clusters younger than
100 Myr: three radial rings are clearly separated, whereas at older ages they are more
blured. This may indicate that clusters migrate from their birth sites on timescales
longer than ~100 Myr, suggesting that star clusters can serve as excellent tracers of
past star-forming regions over extended periods.
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Figure 6.12. Dependence of cluster half-light radius (Rsg) on galactocentric distance
(Rge). Only clusters near the major axis of the M31 disc are considered, defined by
an azimuthal angle relative to the major axis of —-45° to +45°. Top: the de-projected
map of M31 disc clusters. The azimuthal angle cut is indicated by black dashed lines;
clusters within the cut are shown as filled red symbols, while clusters outside are
shown as open circles. Bottom: Rsy as a function of Rge for three age intervals
(indicated in each panel). Red markers show the median Rs in each Rgc bin (their
boundaries denoted by vertical red dashed lines), with error bars marking the 16th-
84th percentile range. Only clusters satisfying IT > 1 are included in both panels.
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Overall, we find no evidence for a correlation between cluster structure and their
galactocentric distances. This implies that variations in the tidal field across the stud-
ied region of the M 31 disc do not significantly affect cluster structural properties.
This supports our earlier interpretation that the observed structural evolution is pri-
marily driven by internal cluster processes rather than environmental effects, and it
reflects genuine evolution as clusters age.

To summarise the results presented in this Section, we find that gravitationally
bound clusters in the M 31 disc undergo rapid expansion during the first ~30 Myr, with
their sizes increasing by more than a factor of two. This behaviour is well reproduced
by the SPHGAL +KETJU cluster models (Lahén et al.[2025]), in which early residual gas
expulsion leads to substantial mass loss and triggers rapid expansion driven by stellar
evolution and internal dynamical processes. Our findings are also highly consistent
with recent results for young clusters in the MW (Della Croce et al.|[2024), where
kinematic analysis based on Gaia data reveals that Galactic star clusters younger than
30 Myr are undergoing rapid expansion.

We further find that M 31 disc clusters show no size correlation with their distance
from the galactic centre, suggesting that external tidal effects are likely to be insignif-
icant or play only a minor role during the early stages of evolution. We therefore
interpret the observed cluster structural evolution as the expansion of initially com-
pact, not tidally limited clusters, driven mainly by stellar-evolution-induced mass loss
and two-body relaxation, which happens after the early residual natal gas removal.
Over time, these clusters are expected to gradually approach a tidally limited regime
and eventually evolve towards virial equilibrium state.

6.3 Mass - radius relation

Another key property of star cluster populations that provides important constraints
on theories of cluster formation and evolution, as discussed earlier, is the mass—radius
relation, which we investigate in this section. Figure[6.I3] shows the distribution of
star clusters in the mass—Rs space for six cluster age bins. For reference, we include
two commonly discussed scaling relations. The first is the constant density relation,
Rsop o« M'/? (green dash-dotted line), predicted by analytic and numerical models
(e.g., |Choksi & Kruijssen|2021} |GrudiC et al.[2021). The second is the equilibrium
relation, Rsy o« M'/° (red dashed line), derived from a model that incorporates the
combined effects of tidal shocks and two-body relaxation (Gieles & Renaud 2016;
Renaud|2018). The blue dashed contours represent KDEs: inner contour denotes area
enclosing 39.3% of the KDE integral around the KDE peak (corresponding to the
1o region), while the outer contour encloses 86.5% (20 region). Segment-coloured
curves show evolutionary tracks of SPHGAL + KETJU cluster models: red segment
corresponds to the part of the track <10 Myr, green to 10-30 Myr, cyan to 30—-100 Myr,
and magenta to >100 Myr.

Panels a—c) of Fig.[6.13]clearly demonstrate the early cluster expansion discussed
in Sec. as the cluster distribution shifts upwards along the log,,(Rso/pc) with in-
creasing age over the first few tens of Myr, similar to the behaviour seen in the evolu-
tionary tracks of SPHGAL + KETJU models. A visual inspection of the KDE contours
in the youngest bins (<10 Myr and 10-30 Myr) may suggest a steep mass—radius rela-
tion — potentially even steeper than Rsy o« M!/3. However, these age bins are affected
by the adopted IT > 1 selection criterion and are therefore likely subject to selection
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Figure 6.13. Evolution of the cluster mass—radius relation. Each panel shows Rsg
as a function of cluster mass for a different age interval (indicated in each panel).
The number shown next to the age interval indicates the sample size. The constant
density relation, Rsy o M!'/3 (green dash-dotted line), and the equilibrium relation,
Rso o« M/ (red dashed line), are shown for reference. Blue dashed contours represent
KDE:s: the inner contour encloses 39.3% of the KDE integral around the KDE peak
(1o region), and the outer contour encloses 86.5% (20 region). Segment-coloured
curves show evolutionary tracks of SPHGAL + KETJU models (Lahén et al.[|2025)), with
colours indicating age ranges: <10 Myr (red), 10-30 Myr (green), 30—100 Myr (cyan),
and >100 Myr (magenta). In all panels, only clusters satisfying the IT > 1 criterion are
included.

effects. Although the analytic model of |Choksi & Kruijssen| (2021) predicts an ini-
tially steep relation, Rsy oc M!/2, which later evolves towards Rsy o« M'/3, and the first
two age bins (panels a and b) may appear broadly consistent with this scenario, we
cannot robustly confirm such a trend, especially considering that these young clusters
are probably undergoing rapid structural evolution and are likely observed at different
evolutionary stages. Consequently, we do not find compelling evidence to claim the
presence of a pronounced mass—radius relation for clusters younger than 100 Myr (see
Fig.[6.13p—c).

However, as observed in Fig.[6.13[-f, a shallow yet clear and significant mass—radius
relation emerges for clusters older than ~100 Myr, once the apparent phase of rapid
cluster structural evolution settles. The slope visually appears broadly similar across
all subsequent age bins beyond 100 Myr, and lies between Rsy o« M'/? and Rsy oc M!/°
scaling relations. Notably, the SPHGAL +KETJU evolutionary tracks fall within regions
of mass—radius plane compatible with the observed distribution of M 31 disc clusters.

We present a more quantitative analysis of the mass—radius relation for M 31 disc
clusters in Fig.[6.14p-b, where clusters are divided into two age groups: 10-100 Myr
(panel a) and >100 Myr (panel b). In both cases, the distribution of clusters in the
parameter space of log,,(Rso/pc) versus log,,(M/My) space is reasonably well ap-
proximated by a two-dimensional normal distribution (see blue dashed contours). We
therefore characterise it using covariance (or confidence) ellipses derived from the co-
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Figure 6.14. Star cluster mass—radius relations. Panel a) shows M 31 clusters with
ages 10-100 Myr; panel b) presents M 31 clusters older than 100 Myr. Panel c) shows
M 33 clusters older than 100 Myr from the PHATTER star cluster catalogue
et al[[2022). Panel d) shows the MW clusters older than 100 Myr from the
Gaia cluster catalogue (only objects classified as “open clusters” are
included). Sample sizes are indicated in the legends. The red dotted lines show the
20 covariance (confidence) ellipses, while the red solid lines indicate the slopes of
their major axes; the numerical values of the slopes are given in the legends as the
power-law indices of cluster mass—radius relations. Grey lines show individual slopes
obtained from 1000 bootstrap resampling iterations. The constant density relation,
Rso o< M'/3 (green dash-dotted line), and the equilibrium relation, Ry o« M'/? (red
dashed line), are shown for reference. Blue dashed contours represent KDEs: in-
ner contour encloses 39.3% (1o region) of the KDE integral around the KDE peak,
and the outer contour encloses 86.5% (20 region). Segment-coloured curves show
evolutionary tracks of SPHGAL + KETJU models (Lahén et al|2025), with colours
indicating age ranges: <10Myr (red), 10-30 Myr (green), 30-100 Myr (cyan), and
>100 Myr (magenta). In all panels, we consider clusters with ages up to ¢ < 800 Myr
and log,,(M/Mg) < 5 that satisfy the IT > 1 criterion.

variance matrix. The resulting 20~ covariance ellipses are shown as red dotted curves.
We define the power-law index of the mass—radius relation as the slope of the major
axis of the covariance ellipse. To estimate this slope and its uncertainty, we perform
1000 bootstrap resampling iterations, deriving a slope in each case (grey lines). The
final power-law index is taken as the median of these individual slopes (red solid line),
with the uncertainty defined as half the 16th-84th percentile range, which we find to
be symmetrical.

For the younger clusters (10—100 Myr; Fig.@), we derive a shallow relation,
Rso o« MO1650.04 However, the uncertainty of the power-law index is relatively large.
In addition, this cluster sample may be affected by selection effects associated with
the adoption of IT > 1 threshold. These systems are also likely still undergoing rapid
structural evolution and may represent a mixture of populations characterised by dif-
ferent mass—radius relation slopes. Consequently, we cannot confidently claim the
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presence of a well-defined and clear mass—radius relation in this age range.

For clusters older than 100 Myr, we obtain a more robust relation, Rsy oc M?18+001
(Fig.[6.14p). In this age range, the IT > 1 criterion does not remove any objects, and
thus no related selection effects are expected. Notably, after evolving for ~100 Myr,
SPHGAL + KETJU models occupy a region of parameter space that is compatible with
the observed M 31 cluster distribution and the derived mass—radius relation. When
the # > 100 Myr sample is divided into narrower age bins (as shown in Fig.[6.13d-f),
the slope shows a slight increase with age: 0.15+0.02 for 100-200 Myr, 0.18+0.02
for 200-300 Myr, and 0.20+0.02 for >300 Myr. However, these values largely overlap
within their uncertainties. Moreover, as shown in Figs@] and@], lower-mass clusters
with M < 1000 M, are expected to be increasingly affected by selection effects beyond
300 Myr. Therefore, the slight variation in slope could also be influenced by such
effects. While this behaviour could hint at a possible weak steepening with age of
the mass—radius relation beyond 100 Myr, we are unable to draw a definite conclusion
that such a trend exists. Nonetheless, the main result remains that clusters older than
100 Myr in the M 31 disc exhibit a shallow mass—radius relation.

The derived slope for ¢+ > 100 Myr clusters is similar to that found in M 51 by
Hwang & Lee| (2010) (0.16+0.02), but shallower than relations reported for other
individual galaxies outside the Local Group or for star cluster samples combined from
multiple nearby galaxies (Rsy o« M?2>033; Ryon et al.[2015} [Krumholz et al.[2019;
Cuevas-Otahola et al.|2021; [Brown & Gnedin|[2021)). It is steeper than the (Gieles &
Renaud| (2016) equilibrium relation (Rso oc M!/%), yet significantly shallower than the
Rso o« M'/? (Choksi & Kruijssen 2021), or Rsy o« M'/3 (Grudié et al.[2021) scalings,
and slightly shallower than Rsq o MPO2 relation (Grudié et al.[2023al).

We further compare the M 31 disc results with those for other Local Group galax-
ies. In the right panels of Fig.[6.14 we present mass—radius relations for clusters
with 7 > 100 Myr in M 33 (Fig.[6.14k) and MW (Fig.[6.14d), derived using the same
methodology and based on the cluster catalogues of Johnson et al.[(2022) and |Hunt
& Reftert| (2024), respectively. For M 33, we obtain a somewhat steeper but broadly
similar relation, Rsy oc M21#0-92 compared to M 31. We note that, the Johnson et al.
(2022) M 33 catalogue lacks clusters with M < 1000 Mg compared to the KriS¢itinas
et al.[(2026) M 31 sample, which may partly account for this difference.

In contrast, the MW shows a significantly shallower relation, Rsy oc M®06£0:01
implying that cluster size is virtually independent of mass. This trend is consistent
with results reported for some galaxies beyond the Local Group, where very shallow
or absent mass—radius relations are found (Zepf et al.[|{1999; [Larsen|[2004; Bastian
et al.|[2005}; |Scheepmaker et al.|[2007; Bastian et al.|2012} [Ryon et al.|[2017). Within
the Local Group, |Gatto et al.[(2021)) examined the core radius, r,, and its correlation
with cluster mass in the Small Magellanic Cloud. They derived the mass—core radius
relation r, oc M%3*, consistent with the M'/? scaling (Krumholz et al.[2019; |Choksi &
Kruijssen|202 1} |Grudic et al.[2021)).

Finally, we examine the environmental/radial dependence of the mass—radius rela-
tion within the M 31 disc. In Fig.[6.15] we present clusters older than 100 Myr divided
into three radial zones: Rgc < 9kpc, 9 < Rge < 14kpc, and Rge > 14kpe. This
division separates the three prominent radial rings where most of the studied clusters
are located (see Fig.[6.12). For the inner and outer rings (Fig.[6.I5h and c) we derive
identical relations, Rsy o« M*!8. In the most populated middle ring (Fig.[6.15b) we
obtain a nearly identical slope Rsy o« M®!°. Considering this and uncertainties of
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Figure 6.15. Mass—radius relation for M 31 disc clusters older than 100 Myr in three
radial zones (indicated in each panel). Sample sizes are indicated in the legends.
Red dotted lines show the 20~ covariance (confidence) ellipses, while red solid lines
indicate the slopes of their major axes; the numerical values of the slopes are given
in the legends as the power-law indices of cluster mass—radius relations. Grey lines
show individual slopes obtained from 1000 bootstrap resampling iterations.

derived slopes, we can confidently claim that the mass—radius relation is fully consis-
tent across all three radial zones. We therefore find no evidence for radial variation
of the mass—radius relation within the M 31 disc. This further supports the idea that
the tidal field gradient (or other environmental differences) across the sampled region
is not strong enough to significantly influence cluster sizes on the studied timescales.
Such behaviour is expected if clusters are not tidally limited, and their evolution is
dominated by internal processes rather than external tidal effects. Alternatively, initial
environmental differences could have been erased by efficient radial mixing within the
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disc. However, as discussed in Section@] (see also Fig.@), clusters likely remain
close to their birth locations for at least ~100 Myr or longer, making this scenario less
probable.

Although we cannot draw firm conclusions based on the comparison among M 31,
M 33, and MW (Fig.[6.T4) — due to differences in instrumentation, cluster parameter
determination methods, and sample sizes — the results nevertheless suggest that the
cluster mass—radius relation varies substantially within the Local Group. When con-
sidered alongside the wide range of relations reported for more distant galaxies (e.g.,
Zepf et al.||[1999; Larsen|[2004; Bastian et al.[|2005; Hwang & Lee[2010; [Bastian et al.
2012; Ryon et al.[2015] 2017} |Cuevas-Otahola et al.|2021; Brown & Gnedin|[2021]),
this points towards a strong dependence of the mass—radius relation on galactic en-
vironment. Such diversity in scaling relations may arise from differences in physical
conditions, including interstellar gas pressure and turbulence, cluster natal gas den-
sity and metallicity, tidal field strength and frequency of tidal shocks, as well as other
processes governing star formation and cluster evolution. While no environmental de-
pendence is observed within the M 31 disc itself (Fig.[6.15)), the broader comparison
with other nearby galaxies suggests that environmental effects may become more im-
portant when considering global galactic scales. We therefore emphasise the need for
further theoretical work to explain these contrasting results and to better understand
the origin of the mass—radius relation across diverse galactic disc environments.

6.4 Summary

In the previous Chapters, we established the practical limitations of the aperture pho-
tometry method for studying nearby extragalactic star clusters, primarily in the context
of the M 31 PHAT survey. Building on this foundation, in this Chapter we analysed the
M 31 cluster population at the edge of these limitations. We investigate the structural
evolution of star clusters and the correlations between their sizes and other properties
(age, mass, and galactocentric distance) in the M 31 disc. Our analysis is based on
the [Kriscitnas et al.| (2026)) catalogue of cluster parameters, derived using adaptive
aperture photometry measurements (Naujalis et al.|2021}; [Kriscitinas et al.|2023) and
photometry of individual resolved stars (Williams et al.|[2023)). The studied cluster
sample comprises 1918 objects younger than 800 Myr.

We found that young clusters in the north-eastern part of the M 31 disc are predom-
inantly compact, with a median half-light radius, Rso ~ 1.8 pc. This is consistent with
earlier results for the south-western disc (gableviéiﬁté et al.|2006, 2007 [Vansevicius
et al.[2009), indicating that clusters are compact across the entire M 31 disc.

Furthermore, we showed that bound clusters undergo rapid expansion during the
first ~30 Myr, with Rs increasing by more than twice. We interpret the observed
structural evolution as follows: after early removal of residual natal gas and associated
mass loss, initially compact clusters expand rapidly due to internal cluster processes,
such as subsequent stellar-evolution-driven mass loss and two-body relaxation, grad-
ually evolving towards a tidally limited, virialised state. Importantly, these results are
in good agreement with recent findings for young clusters in the MW by Della Croce
et al.| (2024), who report rapid and violent cluster expansion on a similar ~30 Myr
timescale based on Gaia kinematics.

We detected no significant dependence of cluster size on galactocentric distance.
This suggests that the majority of young M 31 disc clusters are not yet tidally limited,
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and that the galactic field plays only a minor role in their early evolution. This further
supports our interpretation that the observed early cluster structural evolution in the
M 31 is driven by internal cluster processes. In addition, our results suggest inefficient
cluster radial migration over ~100 Myr or possibly even longer timescales, implying
that clusters can provide key insight into past star-forming regions over extended pe-
riods of time.

Finally, we found a rather uncertain mass—radius relation for clusters younger than
100 Myr. In contrast, clusters older than 100 Myr exhibit a more robust, albeit shallow,
relation, Rsy oc M%!8+001 "with no significant radial dependence. While there are in-
dications of a possible weak steepening beyond 100 Myr, once narrower age intervals
are examined, we are unable to confirm genuine existence of such trend. However,
this slope, together with the mass—radius relations we derived for M 33 and MW clus-
ters, and those reported in more distant galaxies (e.g.,[Zepf et al.||1999; [Larsen|[2004;
Bastian et al.|2005; [Hwang & Lee|2010; Bastian et al.|2012; [Ryon et al.|2015} 2017
Cuevas-Otahola et al.|2021; |Brown & Gnedin|[2021), highlight the need for further
theoretical work to consistently explain a wide range of observed relations, and to
better understand cluster formation and evolution across different galactic disc envi-
ronments.
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Conclusions

Since a large fraction of stars forms in clustered environments, star clusters are ex-
cellent tracers of the formation and evolution of galactic discs. Aperture photometry
is one of the most efficient methods for studying large samples of extragalactic clus-
ters across wide ranges of masses, ages, and environments. This approach, based on
comparing observed integrated photometry with theoretical models, has been widely
adopted for deriving extragalactic star cluster physical parameters. However, the prac-
tical limitations of the method — which are primarily imposed by stochastic and sky
background effects — remained to be understood.

In this thesis, we have employed a large set of realistic stochastic star cluster mod-
els and their mock observations reproducing the conditions of the M 31 Panchromatic
Hubble Andromeda Treasury (PHAT) survey (Dalcanton et al.|2012; Johnson et al.
2012, [2015)) to investigate these limitations for studies of nearby galactic discs. We
first explored idealised background-free conditions in order to determine the intrin-
sic maximum achievable accuracy limits imposed by stochastic effects in low-mass
(<10* M) star clusters.

We showed that clusters containing luminous post main-sequence (PMS) stars ex-
hibit substantially larger scatter and uncertainties in their integrated photometric prop-
erties than clusters without such stars. We also demonstrated that adaptive aperture
photometry procedures (Naujalis et al.|2021}; |Kriscitnas et al.[2023)) do not introduce
systematic colour gradients and effectively reduce contamination from bright field
stars and evolved cluster members, improving the overall consistency of photomet-
ric measurements. This supports its application to low-mass cluster studies in nearby
galaxies (<5 Mpc) with a careful, case-by-case selection of apertures.

We found that physical parameters of very young star clusters remain difficult to
constrain using integrated photometry alone, and CMD fitting methods (e.g., Johnson
et al.|2016; éeponis et al.||2024) are expected to provide more reliable estimates for
resolved and semi-resolved systems younger than ~40 Myr. The most robust cluster
parameters are therefore likely achieved by combining information obtained from both
approaches.

The randomness of viewing angle for low-mass clusters introduces measurable
uncertainties of up to ~0.05 mag in colour indices for typical M 31 clusters and up
to ~0.1 mag in some individual cases, depending on cluster parameters and aperture
setup. For structural parameters the uncertainties due to this effect can reach ~10-
20%. However, these effects are generally weaker than those caused by stochastic
stellar sampling.

By placing stochastic cluster models into real PHAT background fields, we inves-
tigated how sky background affects the accuracy and applicability of aperture pho-
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tometry. We found that, in a typical M 31 disc environment, reliable age, mass, and
extinction estimates, if known metallicity is assumed, can be obtained for clusters
with M > 1600 Mg at 1 Gyr and M > 500 Mg at 100 Myr. Meanwhile, photome-
try is generally accurate enough only for rough age and mass estimates for clusters
500 <M < 1600 Mg, at 1 Gyr and 200 < M < 500 Mg at 100 Myr.

We also demonstrated that apertures smaller than the half-light radius, Rs, are
highly sensitive to stochastic and background effects and should therefore be avoided
for colour measurements. For colour measurements of typical-size clusters, the opti-
mal aperture radii are ~(1-2)XRs according to our estimates.

Our analysis showed that catalogue completeness limits and selection effects de-
pend strongly on the local environment within the M 31 disc. At an age of 1 Gyr,
the cluster mass function can be reliably recovered down to ~500 My, in the sparse
outer disc regions, ~1500 My, in the star-forming environments, and only ~3000 Mg
in the crowded inner disc. These results demonstrate that environmental completeness
variations must be carefully accounted for in studies of star cluster populations.

Using the [Kriscitnas et al.| (2026) catalogue of M 31 cluster parameters derived
resolved stellar photometry (Williams et al.[|2023)), we investigated the structural evo-
lution of star clusters in the M 31 disc at the boundary of the established practical
limitations of aperture photometry approach. We showed that bound clusters undergo
rapid expansion during the first ~30 Myr, with Rsy increasing by more than a factor
of two, from ~0.6 pc to ~1.6 pc. We detected no significant dependence of cluster
size on galactocentric distance, suggesting that most young M 31 disc clusters are not
yet tidally limited and that their early evolution is governed primarily by internal pro-
cesses, such as stellar evolution and internal cluster dynamics. These results are also
in good agreement with recent findings by [Della Croce et al.|(2024)) for young clusters
in the MW, where rapid and violent cluster expansion on a similar ~30 Myr timescale
based on Gaia kinematics was found.

Finally, we investigated the M 31 disc cluster mass—radius relation. Our analy-
sis suggests that clusters older than 100 Myr exhibit a shallow mass—radius relation,
Rso oc MO 18001 'wyith no significant radial dependence across the disc. However, it is
inconsistent with most of the analytical and numerical models of cluster formation and
evolution (Renaud|2018}|Choksi & Kruijssen|2021; |Grudié et al|2021] [2023a). Com-
bined with the large variety of mass—radius relation slopes reported in other nearby
galaxies (Larsen|2004; [Bastian et al.|[2005; Hwang & Lee|2010; [Bastian et al.|2012}
Ryon et al.|[2015] 2017} |Cuevas-Otahola et al.|2021; [Brown & Gnedin![2021), this
highlights the necessity of further theoretical work regarding cluster formation and
evolution across different galactic disc environments.

Overall, the results of this thesis establish the practical accuracy and applicability
limitations of aperture photometry for studies of nearby extragalactic star clusters. We
expect these to be useful for planning future surveys, interpreting existing archival
data, and developing novel methods for cluster detection and measurement. Mean-
while, our analysis of M 31 cluster sample demonstrates that, when stochastic and
background effects are properly accounted for, aperture photometry remains a power-
ful method for investigating the evolution of star cluster populations and the galactic
discs that host them.
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Figure Al. Same as Fig. except results are shown for ¢ = 30 Myr cluster models.
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Santrauka

Ivadas ir motyvacija

Remiantis §iuolaikinémis Ziniomis, manoma, kad bent jau vieting¢je Visatoje didele
dalis Zvaigzdziy gimsta galaktiky diskuose esancCiuose Zvaigzdziy spieciuose (Lada
& Ladal|2003). Tai tankiis Zvaigzdziy telkiniai, susiformuojantys tankiausiose kolap-
suojancio molekuliniy dujy debesies srityse. Dauguma §iy ZvaigzdZiy sistemy suyra
per pirmasias kelias deSimtis milijony mety po susiformavimo (Lada & Ladal[2003}
Bressert et al.[2010; |Portegies Zwart et al.|2010; |Krumholz et al.|[2019) ir taip papil-
do bei formuoja bendra galaktikos ZvaigZdziy populiacija. Tik nedidelé gravitaciskai
susiety Zvaigzdziy spieCiy dalis i§gyvena ilgiau — deSimtis ar Simtus milijony mety
(Lamers|[2009; [Whitmore|[2009). Todél Siy ilgai gyvuojanciy sistemy tyrimai pade-
da geriau suprasti Zvaigzdédaros procesus, taip pat galaktiky disky formavimasi ir
evoliucija, kadangi spieciai suteikia informacija apie ilgalaike savo galaktikos Zvaigz-
dedaros istorija.

Nors natiiralu tiketis, kad i§samiausi ZvaigzdZziy spie€iy tyrimai turéty bati jimanomi
Pauksciy Take (PT), miisy Galaktikoje tokie tyrimai galimi tik palyginti nedidel¢je
keliy kiloparseky (kpc) spindulio erdveje (Kharchenko et al|[2013; [Hunt & Reffert
2024). To priezastis yra Saulés sistemos padetis Galaktikos diske, kur matomuma
riboja stipri tarpzvaigZdiné ekstinkcija — diske esanciy dulkeliy sukeliama Sviesos
sugertis ir sklaida. Todél, siekiant geriau suprasti ZvaigzdZiy spieciy formavimasi
ir evoliucija platesniame aplinkos salyguy ir spieciy parametry diapazone, itin svarbiis
yra uzgalaktiniy (esanciy kitose galaktikose) ZvaigzdZiy spie¢iy tyrimai.

Vienas efektyviausiy tokiy tyrimy metody yra apertiiriné fotometrija, jgalinanti
nustatyti fizinius ir struktfrinius ZvaigzdZiy spieCiy parametrus, remiantis jy inte-
gralinio §viesio matavimais. Sis metodas suteikia galimybe efektyviai analizuoti dide-
les spieciy imtis, todeél yra ypa¢ naudingas atliekant artimy galaktiky disky tyrimus.
Vis délto integralinei fotometrijai buidingi reiSkmingi neapibréZtumai ir sistematini-
ai nuokrypiai, susij¢ su sudétingais stochastiniais bei dangaus fono efektais. Nors
Sioms problemoms spresti ir ju poveikiui maZinti buvo sukurti jvairiis nauji metodai
(pvz. de Meulenaer et al.|2013| |2017; Naujalis et al.|2021]), iki $iol triko iSsamaus ir
homogenisko tyrimo, kuris visapusiskai atskleisty apertirinés fotometrijos praktines
ribas uzgalaktiniy ZvaigzdZiy spieciy tyrimy kontekste.

Atsizvelgiant | minéta moksline problematika, Sios disertacijos tikslas yra dve-
jopas. Pirma, siekiame nustatyti apertirineés fotometrijos tikslumo ir pritaikomumo
ribas artimy uzgalaktiniy spieciy tyrimuose. Tam naudojame stochastinius spieciy
modelius ir realistiSkus sintetinius jy steb¢jimus, atitinkancius realiy Andromedos
galaktikos (M 31) spie€iy vaizdus Panchromatic Hubble Andromeda Treasury ap-
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Zvalgoje (PHAT;|Dalcanton et al.[2012;|Johnson et al.[2015). Démesys M 31 galaktikai
ir PHAT apzvalgai grindZiamas M 31 artumu bei iSskirtine PHAT duomeny kokybe ir
erdvine skiriamaja geba, o tai suteikia unikalia galimybe¢ detaliai tirti uZgalaktinius
spie¢ius spiralingje galaktikoje, panasioje j PT. Sio darbo rezultatai bus naudingi in-
terpretuojant esamus stebéjimus ir planuojant biisimas apZvalgas.

Antrasis Sios disertacijos tikslas — istirti M 31 disko ZvaigzdZiy spieciy populiacija
atsizvelgiant j Sias metodologines ribas. Analizuojant §ia populiacija siekiama geri-
au suprasti zvaigzdziy spieCiy formavimasi ir evoliucija M 31 ir kitose spiralinése
galaktikose, panasiose j PT. Sis tyrimas taip pat demonstruoja apertiirine fotometrija
gristy Zvaigzdziy spie€iy tyrimy mokslinj potencialg ir iSrySkina pagrindines kryptis,
kuriomis batina tolesné teoriniy modeliy, stebéjimy ir tyrimy metodologijos paZanga.
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Darbo tikslas

Nustatyti aperttrinés fotometrijos taikymo ribas Zvaigzdziy spieCiams artimy galaktiky
diskuose ir istirti Andromedos galaktikos (M 31) spieciy struktiiring evoliucija.

Uzdaviniai

e Sukurti platy stochastiniy zZvaigzdziy spieciy modeliuy tinkla ir atlikti daugias-
palvius jo objekty matavimus.

o Nustatyti ZvaigzdZziy spieiy apertiirinés fotometrijos taikymo ribas, kurias lemia
stochastiniai efektai.

o Nustatyti dangaus fono jtaka spie€iy aperturines fotometrijos tikslumui.

o [stirti M 31 disko spieciy strukttiros evoliucija iki 800 Myr.

Rezultatai ir ginamieji teiginiai

1. Charakteringy mazos masés (<103M,) Zvaigzdziy spieciy atveju, stebéjimo kam-
po stochastiSkumas sukelia paklaidas iki ~0.05 mag spalvos rodikliams ir iki
20% struktiiriniams parametrams.

2. Tipiniuose M 31 PHAT laukuose patikimas spieciy amzZiaus, masés ir ekstinkci-
jos nustatymas (Zinant metalinguma) yra jmanomas 100 Myr amZiaus spieCams,
kuriy mas¢ yra M > 500Mg, ir 1 Gyr amZiaus spieCiams, kuriy maseé yra
M > 1600 Mg.

3. Spieciy spalvos rodikliy matavimams naudojamy apertiry spinduliai turi bati
didesni uz jy pusés Sviesio spindulj (Rsp); tipiniams M 31 disko spieiams opti-
mali apertiiros spindulio verte siekia iki 2XRsy.

4. M 31 spieciy masés funkcija ties 1 Gyr gali bati patikimai atkurta iki: ~500 Mg
iSoriniame diske; ~1500 M, Zvaigzdédaros srityse; ~3000 Mg, centrinéje dalyje.

5. M 31 disko spieciai i§ pradziy yra kompaktiski, taciau per pirmuosius ~30 Myr,
sparciai ple€iasi — ju Rso padidéja daugiau nei du kartus.

6. Senesni nei 100 Myr M 31 disko spieCiai pasizymi silpnu masés—spindulio
sarysiu, kuris nepriklauso nuo atstumo iki galaktos centro: Rsy oc MO-18+001,

Autoriaus indélis

Autorius sukiiré programas, reikalingas zZvaigzdziy spiec¢iy modeliavimui ir aperttrinés
fotometrijos stebé¢jimy matavimams. Autorius taip pat parenge testavimui fono laukus.
Sioje disertacijoje pateiktus dirbtiniy ir M 31 disko spie¢iy matavimus atliko auto-
rius. Matavimy rezultatai buvo interpretuojami kartu su bendraautoriais. Autorius
yra trijy publikacijy, sudaranciy Sios disertacijos pagrinda, pirmasis autorius. Be to,
kaip bendraautorius prisidéjo prie dviejy publikacijy, skirty M 31 ZvaigzdZziy spieCiy
apertiirinés fotometrijos ir spieciy fiziniy parametry katalogy sukdirimui.
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1 skyrius

ZvaigZdZiy spietiai vietinéje
Visatoje

Esminé problema pradedant tyrinéti ZvaigzdZiy spiecius, yra tai, kaip $ios sistemos
turéty bati apibréztos. Literatiiroje pateikiama daugybe jvairiy apibréZimy ir bendro
konkretaus sutarimo Siuo klausimu néra. Spieciy apibréZimo problematika iSsamiai
aptarta [Krumholz et al.| (2019) ir |[Krause et al.| (2020) apZvalgose. Sios disertaci-
jos kontekste mes naudojame minétuose darbuose pasiillyta apibréZima: ZvaigzdZziy
spieCius yra gravitaciSkai suriSta Zvaigzdziy grupé, kuria sudaro bent 12 ZvaigzdZziy ir
joje nedominuoja tamsioji materija. Toks apibréZimas atskiria spiecius nuo daugiana-
riy ZvaigzdZiy sistemy ir galaktiky, taipogi reikalauja, kad toks objektas uZimty erdvés
sritj, kurioje dominuoja spieciaus savigravitacija, o ne iSoriniy potvyniniy jégy povei-
kis. Dvylikos ZvaigZzdZiy riba yra salyginé, kur pereinama nuo keliy kiiny prie dauge-
lio (N-)kiny zvaigzdziy sistemy dinamikos.

Siuolaikinés Zinios apie ZvaigZzdziy spiedius ir jy svarba tiriant platy spektra astro-
fizikiniy procesy yra placiai aptartos pastarojo deSimtmecio apzvalginiuose straip-
sniuose (pvz. Bastian & Lardo|2018; |[Renaud| 2018} [Krumholz et al.||2019; |Adamo
et al.|2020; [Krause et al.|2020). Zvaigidiig spieciai formuojasi tankiuose milZiniSky
molekuliniy debesy (GMC) regionuose, kai gravitacinio kolapso metu dujos virsta
7vaigzdémis. Zvaigzdédara galiausiai sustoja dél jauny masyviy Zvaigzdziy issklai-
danciy likusias dujas. Tankiausiuose regionuose, kur Zvaigzdédaros efektyvumas gali
biti pakankamai didelis, dalis susiformavusios sistemos gali islikti gravitaciskai suris-
ta. Naujausi tyrimai (Knutas et al.|[2025}; [Pedrini et al.|2026) rodo, kad spieciai i$-
sivalo nuo likusiy dujy per ~5-10Myr. Pirmuosius ~100 Myr juy raida daugiausia
lemia stiprios potvyninés saveikos gimtuosiuose ZvaigZzdédaros regionuose ir masés
netekimas dél ZvaigzdZiy evoliucijos. Véliau dominuoja dviejy kiiny relaksacijos
procesai ir atsitiktiniai susidtirimai su GMC. Nors dauguma spieCiy suyra per pir-
muosius ~10 Myr (Lada & Lada|2003; |[Lamers|2009; Whitmore|2009; Bressert et al.
2010), iSgyveng iSsaugo informacija apie galaktikos Zvaigzdedaros istorija ir dinaming
evoliucija.

Detali uzgalaktiniy spie€iy analizeé tapo jmanoma tik per kelis pastaruosius deSimt-
mecius. Tai daugiausia susij¢ su Hubble kosminio teleskopo veikla. Ankstesnis supra-
timas apie spiecius didele dalimi rémesi PT tyrimais. Istoriskai PT Zvaigzdziy spieciai
skirstomi j du pagrindinius tipus: padrikuosius (OC) ir kamuolinius (GC) spiecius.
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OC randami diske, jie paprastai yra jaunesni nei <10 Gyr, maZos mases (<10* My).
Misy nagrinéjami jauniausi disko spieciai i§ esmes atitinka OC populiacija. Su jau-
niausiais OC (5100 Myr) glaudziai susij¢ ZvaigzdZiy asociacijos — panasios, bet grav-
itaciSkai nesuriStos, labiau iSplitusios sistemos (Blaauw| [1964; |Gieles & Portegies
/wart| 2011} |Gouliermis|[2018; |Adamo et al.|[2020; Krause et al.|[2020). Tuo tarpu
GC yra seni (210 Gyr), masyviis (M 2 10*M,) ir daugiausia randami Galaktikos
hale bei baldze. Jie suteikia svarbios informacijos apie Galaktikos formavimasi ir
evoliucija kosmologiniais laiko masteliais (West et al.[2004} [Brodie & Strader| 2006}
Forbes et al |2018} [Kruijssen et al.|2019; [Krause et al.[2020).

Ilga laika abu spieciy tipai laikyti paprastomis Zvaigzdziy populiacijomis (SSP),
tai reiskia, kad susiformavo vieno Zvaigzdédaros Zybsnio metu ir visos Zvaigzdés yra
tuo paties amziaus bei cheminés sudéties. Taciau dabar Zinoma, kad dauguma GC turi
kelias Zvaigzdziy populiacijas. Tuo tarpu, OC atveju yra duomeny, kad tokia prielaida
teisinga (Bastian & Lardo|2018). Tai rodo, kad tradicinis OC—GC skirstymas néra
universalus, nors vis dar placiai naudojamas net ir uZgalaktiniy spieciy tyrimuose.

Del Saulés sistemos padéties Galaktikos diske, PT disko spieciy tyrimai yra labai
apriboti didelés tarpzvaigzdinés ekstinkcijos ir su tuo susijusiy selekcijos efekty (Hunt
et al.|2026). Todel norint suprasti globalius désningumus, jvairius sarysius tarp spieciy
savybiy, aplinkos jtaka ir apskritai geriau suvokti spieciy formavimasi bei evoliucija,
biitini uZgalaktiniy spieciy tyrimai.

Vietinés grupés galaktiky diskuose esantys spieciai buvo tirti ne karta (pvz. [Van-
sevicius et al.|2009; [San Roman et al.|2012; Johnson et al.| 2016, 2017} (Gatto et al.
2021}, [Wainer et al.|[2022), taciau Sios galaktikos danguje uzima didelj plota ir HST
stebéjimams reikia labai daug laiko. D¢l to homogenisky tyrimy, apimanciy statis-
tiskai dideles spieciy imtis néra daug. Dauguma i§samesniy tyrimy buvo atliekami uz
Vietinés grupés riby, taCiau jie apima tik gana masyvius spie¢ius (2103 My). Tad
nepaisant keblumy, Vietinés grupés tyrimai yra labai reikalingi norint suprasti mazos
mases spieciy, kurie sudaro dauguma tokiy objekty, formavimasi ir evoliucija.

M 31 yra artimiausia reguliari spiraliné galaktika (Hammer et al.|[2025)). Dél ne-
didelio atstumo (~785 kpc) HST iSskiria atskiras jos zZvaigZzdes ir spie€ius, todél M 31
yra viena geriausiy laboratorijy ZvaigzdZiy spieciy evoliucijai tirti. Ilga laika M31
spieciy tyrimai apsiribojo GC populiacija (Barmby & Huchra 2001} [Barmby et al.
2002} |Galleti et al.[[2004; |Caldwell et al.[[2009, 2011), o detalts disko spieciy tyrimai
tapo jmanomi tik su HST (Williams & Hodge|[2001blla; [Hodge et al.[2009} 2010)). Pir-
masis homogeniSkas M 31 disko spieciy tyrimas (Kodaira et al.|[2004; [Narbutis et al.
2008, [Vansevicius et al.2009), apimantis didelj plota pietvakarin¢je galaktikos daly-
je, buvo atliktas antZeminiu Subaru teleskopu. Sis tyrimas parodé, kad M 31 disko
spieciai skiriasi nuo PT spieciy ir yra labai kompaktiski — tipinis pusés Sviesio spin-
dulys ~1.5 pc.

Didel¢ pazanga pasiekta atlikus PHAT (Panchromatic Hubble Andromeda Trea-
sury) apzvalga (Dalcanton et al.|2012). Ji apima apie trecdalj viso disko, iki mazdaug
20kpc nuo galaktikos centro. Stebéjimai atlikti SeSiose fotometrinése juostose, ku-
rios aprépia placia spektring sritj: artima UV (F275W ir F336W), opting (F475W ir
F814W) ir artima IR (F110W and F160W). PHAT spieciy kataloge (Johnson et al.
2015)) identifikuota daugiau nei 2700 kandidaty, jy duomenys panaudoti M 31 spieciy
populiacijos tyrimams (Johnson et al.[2016| 2017;|de Meulenaer et al.[2017). PanaSus
projektas jgyvendintas ir pietvakarineéje M 31 dalyje (PHAST;|Chen et al.[2025)), todél
galima tikétis proverzio tiriant M 31 ZvaigZzdZiy spiecius.
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2 skyrius

Zvaigidiiy spieciy apertiiriné
fotometrija

2.1 Standartiné aperturiné fotometrija

Apertiiriné fotometrija — vienas efektyviausiy placiai taikomy metody, jgalinanciy tir-
ti dideles uzgalaktiniy Zvaigzdziy spie¢iy imtis. Sio metodo pagrindas yra spietiaus
spinduliuotés srauto matavimas apertiiroje. Svarbus tokiy matavimy aspektas — tik-
slus fono lygio atémimas, kadangi j aperttira patenka taip pat ir fono — ne spieciaus
objekty — skleidZiamas signalas. Baigtinio dydzio apertiira nesurenka viso spieciaus
spinduliuotés srauto, todél norint nustatyti pilnutinj integralinj srauta, yra apskai¢iuo-
jama aperttriné korekcija, naudojant augimo kreive (kumuliatyvus radialinis srauto
profilis), dirbtinius spieius, ar empirinius sarySius (Stetson||1987). Augimo kreive
daznai naudojama ir nustatant spieciaus struktlirinius parametrus, pvz. pusés $viesio

Zvaigzdziy spieciy fiziniai parametrai (amZzius, masé, metalingumas ir tarpzZvaigz-
diné ekstinkcija) nustatomi i§ apertiirinés fotometrijos matavimy naudojant ZvaigzdZziy
populiacijy sintezés (SPS) metoda. Pagrindinis SPS algoritmy principas — pasirenka-
ma tam tikra Zvaigzdedaros istorija, pradine ZvaigzdZiy mases funkcija (IMF) ir pagal
tai sugeneruojami ZvaigzdZziy amZiy bei masiy skirstiniai populiacijoje. Tuomet nau-
dojant ZvaigZdziy atmosfery ir evoliucijos modelius suskai¢iuojamas sintetinés pop-
uliacijos integralinis spektras, kurj galima naudoti apskaiciuojant rySkius skirtingose
fotometrinése sistemose. Realaus spieciaus fizinius parametrus galima jvertinti lygi-
nant jo integralinius rySkius ir spalvos rodiklius su teorinémis SPS modeliy vertémis
(Anders et al.|2004; Bridzius et al.|[2008)).

Spieciy atveju dazniausiai taikoma SSP prielaida, t.y., visos spieCiaus Zvaigzdés
gimé vieno Zvaigzdédaros Zybsnio metu ir yra to paties amzZiaus bei cheminés sudéties.
Klasikiniuose SPS modeliuose (Fioc & Rocca-Volmerange|1997} Leitherer et al.|1999)
laikoma, kad ZvaigZdZiy masiy skirstinys idealiai atitinka teoring IMF. Taciau pastebéta,
kad pastaroji prielaida néra tinkama maZos masés (<10* M) spiec¢iams, kuriuose
reikSmingas stochastiskas rety, vélesniy evoliucijos stadijy ZvaigzdZiy pasiskirstymas
(Deveikis et al.|2008; [Maiz Apellaniz|[2009; Fouesneau & Lancon/[2010; Beerman
et al.||2012; |Anders et al.| 2013} [de Meulenaer et al.|2013). D¢l Sios priezasties, jau-
ni maZos masés spieciai gali turéti viena ar kelias supermilZines Zvaigzdes, kurios
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nustelbia visas likusias spieCiaus nares ir reikSmingai pakeicia spieCiaus integralinius
fotometrinius parametrus. Tai sukelia sistematines spiec¢iy fiziniy parametry paklaidas,
jei yra naudojami standartiniai SPS algoritmai.

Siuolaikiniai metodai atsizvelgia j Siuvos efektus, dazniausiai naudojant sintetinius
spie€ius, sugeneruotus taikant stochastinés IMF modeliavima (Deveikis et al.[2008;
Fouesneau & Lancgon|2010; |[Fouesneau et al.||2014; de Meulenaer et al.|2013}, 2017
Krumholz et al.|2015)). Tokiu badu sugeneruojamas platus modeliy tinklas, dengiantis
didelj galimy parametry diapazona. Tokiame tinkle kiekvienas parametry rinkinys turi
daug stochastiniy realizacijy, su kuriomis galima lyginti stebimy spieciy integralinés
fotometrijos rezultatus, ir nustatyti geriausiai stebéjimus atitinkancia parametry kombi-
nacija.

Nepaisant to, kad tokie metodai jskaito IMF stochastiSkumo jtaka, jie vis tiek
susiduria su rimtomis problemomis, jeigu spieciy integraliniy ryskiy ir spalvos rodikliy
nustatymui naudojamos standartinés aperttrinés fotometrijos procediros. |Beerman
et al.|(2012) parodeé, kad maZos masés spieCiy atveju, kai j matavimo aperttira patenka
viena ar kelios ryskios pagrinding seka palikusios (PMS) spieCiaus ZvaigZzdés, ste-
bimos didelés spieciaus ryskio ir spalvos variacijos. Tai savo ruoZtu daro didelg
neigiama jtaka nustatyty fiziniy parametry tikslumui. Taip pat, de Meulenaer et al.
(2017) pademonstravo, kad apertiiros viduje besiprojektuojancios ryskios fono zZvaigz-
dés gali reikSmingai iSkraipyti fotometrinius matavimus ir taip apsunkinti fiziniy para-
metry nustatyma bei sustiprinti amZiaus—esktinkcijos parametry iSsigimima.

2.2 Adaptyvi apertiriné fotometrija

Siekiant sumazinti PMS ZvaigzdZiy efektus, Naujalis et al.| (202 1)) pasitlé nauja adap-
tyvios apertiirinés fotometrijos metoda, kuris pagristas spieciy spinduliuotés srauto
augimo kreiviy fotometrinése juostose matavimu. Spiecius matuojamas naudojant dvi
kocentrines apertiiras — didesnioji skirta viso srauto matavimui (T apertiira), o maZzes-
nioji (C apertiira) parenkama taip, kad apimty tik centring spieciaus dalj ir kuo mazi-
au jtraukty fono ar evoliucionavusiy spieciaus Zvaigzdziy. C apertiiros naudojimas,
igalina atlikti matavimus, kurie yra maZiau paveikti stochastinés ryskiy ZvaigzdZiy
tarSos. Verta pamineti, kad [Naujalis et al.| (2021)) ir Kriscitnas et al.| (2023) naudo-
jo C apertaras, kuriy spindulys, Rc, lygus arba didesnis nei spieCiaus pusés $viesio
spindulys.

Taikant $j metoda, matavimai F475W fotometringje juostoje, kuri PHAT apzval-
goje pasizymi didziausiu signalo—triuk§mo santykiu (S/N) ir yra maZiau paveikta seny
M 31 lauko ZvaigZdziy tar$os, yra atraminiai. Sioje juostoje suskaiiuojama apertiiriné
korekcija (AC), kuri yra skirtumas tarp rySkiy pamatuoty T ir C apertiirose:

FAT5Wac = FAT5Wy — FAT5Wea. @2.1)

Galutiniai, spalviskai derantys tarpusavyje, ryskiai (C) suskaiciuojami pagal formule:

F#WC = F#WCA + F475WAc, (22)

~

¢ia ”#” zymi HST trijy skaiciy fotometrinés juostos koda, F#Wca —ryskis atitinkamo-
je juostoje iSmatuotas C aperttiroje. Tokia ryskio transformacija gerai tinka spieCiams,
kuriy spalvos rodiklis uz R¢ riby mazai kinta.
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Nors adaptyvi aperttiriné fotometrija reikSmingai sumazino sistematines spiecig
fotometrijos paklaidas, integralinés fotometrijos fundamentinés ribos dar nebuvo iki
galo suprastos. Bitent tai ir yra vienas i$ pagrindiniy Sios disertacijos tiksly.

2.3 Alternatyvis spieciy fiziniy parametruy
nustatymo metodai

Aperttriné fotometrija néra vienintelis metodas, tinkamas nustatyti zZvaigzdZiy spieciy
parametrus, todél, siekiant geriau suprasti aperttrinés fotometrijos vieta bendrame
spieciy tyrimo kontekste, svarbu nors trumpai aptarti ir alternatyvius metodus bei jy
taikymo ribas.

Tiksliausi metodai remiasi individualiy spieCiaus Zvaigzdziy CMD analize. Tokiy
algoritmy veikimas yra pagristas stebimy CMD lyginimu su sintetinémis CMD arba
teorinémis izochronomis (pvz.|Dolphin/|2002; Johnson et al.|2016; [Wainer et al.|[2022;
Ceponis et al.2024; Zheng et al.[2025). Siais metodais galima gana tiksliai nustatyti
spieCiy parametrus, taciau tam reikia giliy ir aukStos erdvinés skyros stebéjimy, todél
jie taikomi tik palyginti artimiems ir jauniems spie¢iams. PavyzdZiui, Wainer et al.
(2022)) parodé, kad remiantis HST steb¢jimais kaimyninése M 31 ir M 33 galaktikose
toks metodas tinkamas tik spieCiams jaunesniems nei 300 Myr ir masyvesniems nei
1000 Mg.

Kitas svarbus metodas yra spektroskopija. Siuo atveju stebéti integraliniai spie¢iy
spektrai lyginami su teoriniais modeliais arba etaloniniais (Zinomy spieciy) spektrais.
Spektroskopiniais metodais galima tiksliau nustatyti spieciy metalinguma ir efektyvi-
au atskirti parametry iSsigimimus nei placiajuostés fotometrijos atveju (Worthey|1994;
Caldwell et al.|2009; Vazdekis et al.|2010). Taciau Siam metodui reikalingi didelio S/N
spektrai, todél jis gali biiti taikomas tik rySkiems ir masyviems, j kamuolinius spiecius
panaSiems, uzgalaktiniams spieciams.

Nors CMD ir spektroskopiniais metodais nustatyti spieCiy parametrai atskirais
atvejais yra tikslesni, aperttrinés fotometrijos metodas daug placiau pritaikomas. Ka-
dangi $is metodas remiasi suintegruotos visy spieciaus zvaigzdZiy §viesos matavimu ir
nereikalauja labai didelio S/N, jis gali biti taikomas mazesnés maseés, tolimesniems ir
platesnio amzZiy intervalo spieciams, taip reikSmingai padidinant galimy tirti objekty
skaiciy.
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3 skyrius

Stochastiniai Zvaigzdziy spieciu
modeliai

Siekdami jvertinti apertlirinés fotometrijos metodo tikslumo ir pritatkomumo ribas
artimy galaktiky diskuose esanciy ZvaigZdZiy spieCiy tyrimuose, naudojome stochas-
tinius spiec¢iy modelius, sugeneruotus musy sukurtu algoritmu (Daugevicius et al.
2024). Jis skirtas modeliuoti dirbtinius trimacius (3D) spiecius ir realistiSkus jy vaiz-
dus, projektuojant j dvimate (2D) plokStuma i§ jvairiy stebéjimo krypciy. Algorit-
mo veikimas paremtas ankstesniy spieciy ir jy vaizdy modeliavimo kody principais
(Deveikis et al.| 2008} BialopetraviCius et al.|2019). SpieCius modeliavome taip, kad
jie atitikty realius M 31 spiecius, stebimus PHAT apZzZvalgoje (Dalcanton et al.[[2012;
Johnson et al.[2015). Siame skyriuje pateikiame trumpa algoritmo aprayma.

3.1 Spieciaus Zvaigzdziy generavimas

Individualiy spieCiaus ZvaigZdziy pradinés masés generuojamos taikant Monte Carlo
metoda, kur tikimybes apibrézia IMF, kuri nusako kiek populiacijoje turi bti Zvaigz-
dZiy dN tam tikrame masiy intervale dm. Mes naudojame placiai taikoma Kroupa
(2001)) IMF, kuri apibréZiama keliy daliy laipsnine funkcija:

f(m) =dN/dm = Cyyr - b; - m’“‘, 3.1

¢ia a; yra IMF laipsnio rodiklis masiy intervale [m;_;, m;], Cpvr yra funkcijos normav-
imo konstanta, o b; yra funkcijos tolyduma bei nenutriikstamuma uZtikrinanti konstan-
ta. Pradinés ZvaigZzdZiy masés generuojamos intervale nuo 0.1 iki 100 Mg, kuriame
Kroupa IMF yra dviejy daliy laipsniné funkcija:

{al = 1.3, m<0.5My; 32)
ay =2.3, m2>05M;.

Zvaigzdziy erdvinis pasiskirstymas taip pat modeliuojamas taikant Monte Car-
lo metoda. Zvaigzdziy padétys spieliuje generuojamos pagal Elson-Fall-Freeman
(EFF; [Elson et al.||1987) radialinj profilj, kuris gerai atitinka daugelio jauny spieciy
steb¢jimus jvairiose artimose galaktikose (pvz. Elson et al.|[1987} |Larsen|1999} 2004;
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McLaughlin & van der Marel| 2005} |[Bastian et al.|2012} |Cuevas-Otahola et al.|[2020;
Brown & Gnedin|2021)). Kadangi mes siekiame kuo realistiSkiau atkurti biitent jaunus
spieCius, kurie yra ypac jautris stochastiniams efektams, EFF profilio pasirinkimas
yra pagristas. EFF modelio radialinis tankio profilis apraSomas funkcija:

2\~r+1)/2
) ) (3.3)

p(r)=po[l+—=
o

kur pg yra centrinis spieciaus tankis,  — deprojektuotas trimatis atstumas nuo spieci-
aus centro, ro — EFF skalés spindulys, o y — laipsnio rodiklis, apibréZiantis profilio
elgsena iSorinése spieciaus srityse. Zvaigzdziy erdvinis pasiskirstymas pagal § profilj
generuojamas pagal |Aarseth et al.|(1974) pasitilyta algoritma, kuris originaliai naudo-
jamas priskirti pradines zZvaigzdZiy padétis dinaminiuose N-kiiny spiec¢iy modeliuose.

Siekiant sumodeliuoti visa spieciy, individualiy ZvaigzdZiy (t.y. ju pradiniy masiy
ir padéciy spieciuje) generavimo algoritmas yra kartojamas tol, kol bendra spieciaus
mase tam tikro dydZio sferoje pasiekia arba Siek tiek virSija nustatyta tiksling mase.
Siame darbe naudojome 7.5” spindulio sfera, kuri ties M 31 galaktikos atstumu atitin-
ka ~28.5pc. Kuomet yra pasiekiama arba vir§ijama nustatyta spieiaus mases riba,
Zvaigzdziy generavimas yra sustabdomas ir suskai¢iuojama bendra masé jtraukiant
paskuting sugeneruotg Zvaigzdg ir ja atmetant. Variantas, kuris duoda maziausia nuo-
krypi nuo tikslinés mases yra parenkamas kaip galutinis spieciaus modelis.

Sugeneravus Zvaigzdziy mases ir jy erdvinj pasiskirstyma, kiekvienai Zvaigzdei
priskiriami fotometriniai ryskiai pagal jos mas¢ ir modeliuojamo spieCiaus amZziy.
Tai atlieckama interpoliuojant pagal ZvaigZzdés mas¢ atitinkamo amZiaus PARSEC-
COLIBRI ZvaigzdZiy evoliucijos modeliy izochrona (Bressan et al.[2012;Marigo et al.
2017). Siame darbe naudojamos Saulés metalingumo izochronos ir daroma prielaida,
kad tarpzvaigzdiné ekstinkcija yra lygi nuliui.

Kadangi siekiame modeliuoti spiecius, atitinkancius PHAT apZvalgoje stebimus
realius M 31 spiecius, izochronos interpoliuojamos SeSiose HST fotometrinése juos-
tose. Izochronose pateikti absoliutiis ryskiai transformuojami j regimuosius, naudo-
jant M 31 atstumo modulj (m — M)y = 24.47 (McConnachie et al.|2005)).

3.2 RealistiSku spieciu vaizduy generavimas

Paskutinis algoritmo etapas yra dirbtiniy spieciy realistisky stebéjimy modeliavimas,
projektuojant juos i 2D plokStuma. Individualiy Zvaigzdziy vaizdams modeliuoti nau-
dojamas TinyTi paketas, jgalinantis generuoti jvairiy HST instrumenty ir filtry
kombinacijy 2D taSko sklaidos funkcijas (PSF). Kiekviena Zvaigzdé modeliuojama
atitinkama TinyTim PSF padauginant i3 jos srauto vienoje i§ fotometriniy juosty. Si
procediira atliekama visose SeSiose PHAT apZvalgoje naudojamose juostose. Dirbtiniy
spieciy vaizdai generuojami 15" x 15" dydZio ir atitinka mazdaug 57X 57 pc ties M 31
atstumu. Spieciy vaizdai i§saugomi FITS formato failuose.

1https ://www.stsci.edu/hst/instrumentation/focus-and-pointing/focus/
tiny-tim-hst-psf-modeling
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3.3 Spieciy modeliy imtis

AprasSytu metodu sugeneravome spieciy modeliy ir jy vaizdy tinkla, apimantj realiems
M 31 disko spieCiams biidinga parametry erdve (Sableviciate et al.[2006| 2007; Van-
sevicCius et al.[2009; Johnson et al.|2015). Pagrindinj tinkla sudaro 1400 mazgy, api-
breZty pradine spieciaus mase log;,(M/Mp), amZiumi log,,(¢/yr), EFF profilio rodik-
liu y ir branduolio spinduliu r,.. Kiekviename mazge sugeneruota po 100 spieciy.

Stebejimo krypties stochastiskumo jtakai apertiirinei fotometrijai jvertinti (Zr. [d]sky-
riuje), sumodeliavome papildoma 500 mazgy potinklj, kuriame kiekvienam spieciui
sugeneravome po 100 projekcijy i§ atsitiktiniy steb¢jimo kampy. AtsiZvelgiant j SeSias
PHAT fotometrinés juostas, i$ viso sugeneravome daugiau nei 3 x 107 vaizdy.

[5.4]poskyrio analizei sugeneravome atskira tolydzia 20 milijony sintetiniy spieciy
imtj, kurios vaizdai generuoti tik F475W juostoje. Modeliai skaiCiuoti tuo paciu algo-
ritmu, taciau parametry vertés atsitiktinai parinktos i$ tolydZiy intervaly.

3.1 lentelé. Sintetiniy ZvaigzdZiy spieCiy pagrindinio modeliy tinklo parametrai.
Kiekviename mazge generuojama 100 nepriklausomy stochastiniy modeliy.

Parameter Values

log,((M/Mg) 2.0,2.5,3.0,3.5,4.0,4.5,5.0
log,o(t/yr) 6.5,7.0,7.5, 8.0, 8.5,9.0,9.5, 10.0
e 0.05”,0.10”,0.20”, 0.40”, 0.80”
v 2.2,24,2.8,3.5,7.0

3.2 lentelé. Sintetiniy spieciy potinklio parametrai. Kiekviename mazge generuoja-
ma 100 nepriklausomy modeliy ir po 100 stebéjimo krypc€iy kiekvienam modeliui.

Parameter Values

log,,(M/My) 2.0,2.5,3.0,3.5,4.0

log,o(t/yr) 7.0, 8.0,9.0, 10.0

Te 0.05”,0.10”,0.20”, 0.40”, 0.80”
y 2.2,24,28,3.5,7.0

3.3 lentelé. Tolydzios 20 milijony modeliy F475W juostoje imties parametry ribos.

Parameter Range of values
log;((M/My) 2.4-4.1
log,o(t/yr) 6.5-10.1

re 0.05” - 0.6”

vy 2.1-4.1
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4 skyrius

Aperturineés fotometrijos
taikymo ribos

Aperttriné fotometrija yra efektyvus metodas tiriant dideles Zvaigzdziy spieCiy imtis
vieting¢je Visatoje ir rekonstruojant Zvaigzdédaros istorijas diskinése galaktikose (Zr.
lskyriy). Ankstesni tyrimai (pvz. [Fouesneau & Lancon|2010; [Beerman et al.|2012;
Anders et al.|[2013} |[de Meulenaer et al.[2013}[2017) parodé, kad mazos masés spieciy
atveju reik§mingus neapibréZtumus daugiausia lemia IMF stochastiSkumas. Taciau
metodo tikslumo ir pritaikomumo ribos dar néra i§samiai i$tirtos, nors tai buitina patiki-
mam stebéjimy duomeny interpretavimui.

Siame skyriuje nustatome apertiirinés fotometrijos ribas, sukeliamas stochastiniy
efekty, neatsizvelgdami j dangaus fono efektus. Todel gauti neapibréZtumai ir nuokryp-
iai atitinka optimisting, didZiausio galimo tikslumo riba; jtraukus fono triuk§ma ir
ryskiy lauko ZvaigZzdZiy tar$a, tikslumas biity maZesnis.

4.1 Stochastiniuy spieciy modeliy matavimai

Siekiant iStirti, kaip stochastiniai efektai riboja spieciy apertiirinés fotometrijos tiks-
lumg, atlikome dirbtiniy spie¢iy vaizdy fotometrinius matavimus, taikant metodika,
panasia j|Naujalis et al.| (2021)) ir [Kriscitnas et al.[(2023)).

Visose $eSiose fotometrinése juostose iSmatavome radialines srauto augimo kreives
(FGC) iki 7.0” spindulio, 0.02” Zingsniu. IS jy nustatéme integralinius ryskius ir
spalvos rodiklius bei struktiirinius parametrus Ry, atitinkancius spindulj, kuriame su-
telkta X procenty viso spieciaus srauto. FGC analize leidZia jvertinti ZvaigzdZiy masiy
ir erdvinio pasiskirstymo stochastiSkumo bei stebéjimo krypties jtaka fotometriniams
ir strukt@iriniams matavimams.

4.2 Spieciy fotometrinés savybés
Siame poskyryje nagrin¢jame stochastiniy efekty ir apertiros dydzio jtaka maZos

mases spieCiy fotometrijai. Sie veiksniai riboja apertiirinés fotometrijos tiksluma ir
patikimuma nustatant spie€iy fizinius ir strukttrinius parametrus.

136



.
T T I~
]
1 1 o
>
S~
+J
BN 4 —— SSP, Ay=0 . B
——- SSP, Ay=1 \ o
o G1:2233 o o G1:803
2r . G2:267 T 1 G2: 1697 1
t t t t t t t t t t t t
-1+ + {0
]
or + 4T
>
= =
1 T o
~ \ o
E o0 Gli6ls 0 Gl:52
2 T G2: 1885 1 G2: 2448 1
| 1 : 1 1 1 : 1 1 1
O
o -1 T 1o
m Il
wol | =
>
S~
k=)
1+ + 1o
3 o
o GlLi27 o GL2 o GLoO
2F G2: 2229 T G2: 2498 T G2: 2500 1
t t t t t t t t t t t t
—1F 4 10O
10 Myr - —
ok 100 Myr - N
10 Gyr ;
1 Gyr <
>
1r T g 4=
' s 2
i i;@ 5 o GL:0 -
2F . G2:2402 AT 622500 T - G2:2500 1
L 1 1 L L 1 L Il L Il L Il

0 1 2 3 0 1 2 3 0 1 2 3

FA75W - F814W

4.1 pav. Stochastiniy Zvaigzdziy spieciy modeliy dvispalvés diagramos. Kiekviena
panelé rodo apertirinés fotometrijos rezultatus skirtingoms spieiy masés (nurody-
ta vir§ paneliy) ir amZiaus (nurodyta deSingje) kombinacijoms. Gl ir G2 spieCiy
grupiy apibrézimai pateikti tekste. Juodos linijos Zymi nestochastinius PARSEC-
COLIBRI SSP Saulés metalingumo modelius, apimancius amZiy intervala nuo 10 Myr
iki 12.6 Gyr (Bressan et al.|[2012; Marigo et al.|2017, iStisinés linijos — be tarpz-
vaigZzdines ekstinkcijos; brikSninés linijos — su Ay = 1 ekstinkcija, apskai¢iuota nau-
dojant [Fitzpatrick |1999| ekstinkcijos kreive). Zali simboliai Zymi keturis skirtingus
nestochastiniy SSP modeliy amzZiaus taskus. Fotometriniai matavimai atlikti naudo-
jant R,, = 3.0” apertiras.

TCD ir CMD rodo, kad maZos masés spiediai (log,,(M/Mg) <
4.0) pasizymi didele fotometriniy parametry sklaida, stipréjancia mazéjant masei ir
amZiui. RySkiausi spie€iai log;,(M/Mp) = 2.5-3.5 intervale gali turéti labai panaSius
ryskius ir spalvos rodiklius, nepaisant masés skirtumo. Tai gali sukelti reikSmingus
neapibréZtumus nustatant spieciy fizinius.

Jauny mazos mases spiecius galime i$skirti j dvi fotometriskai besiskiriancias gru-
pes: G1, neturinCius evoliucionavusiy PMS Zvaigzdziy, ir G2, turinCius bent vieng
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ryskia PMS ZvaigZdg. G2 spiediai jprastai yra rySkesni ir raudonesni, nes viena ar ke-
lios YSG arba RSG Zvaigzdeés gali dominuoti bendra srauta. Atskyrimas ypac ryskis
t < 100 Myr spie¢iams.G1 spieCiy fotometrinés savybés yra geriau apibréZtos, todél
rySkiy evoliucionavusiy ZvaigzdZiy paSalinimas gali pagerinti fiziniy parametry nus-
tatymo patikimuma (Beerman et al.2012).

log(M/Mg) =2.5 log(M/Mg) = 3.0 log(M/Mg) =3.5
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FA75W — F814W
4.2 pav. Tas pats kaip taCiau Cia pateiktos spalvos—ryskio diagramos.

Stochastinius dirbtinius spiecius palyginome su nestochastiniais PARSEC-COLI-
BRI (Bressan et al.[|2012; Marigo et al.[2017) SSP modeliais. Nestochastiné aproksi-
macija yra netinkama maZzos masés spieCiams, ypac¢ ¢ < 100 Myr atveju, todél ju
fiziniams parametrams nustatyti biitina atsiZvelgti i stochastinius efektus
let al.|2008}; [Fouesneau & Lanc¢on|2010; |[de Meulenaer et al.[2013).

Stochastiniy efekty jtaka galima sumaZinti jtraukiant papildomas fotometrines ju-
ostas, pvz., UV ar artimaja IR (BridZius et al.[2008; |de Meulenaer et al.|2014), bei Ha
(Fouesneau et al|2012; [Whitmore et al.[2020} [2023)). Tam gali buti naudinga ir adap-
tyvi apertiiriné fotometrija, maZinanti rySkiy fono ar spieciaus pakras¢iuose esanciy
PMS Zvaigzdziy jtaka.

Nors adaptyvi apertiriné fotometrija sékmingai pritaikyta PHAT spieiams
[jalis et al]202T}, [Kris€itnas et al][2023)), metodas kontroliuojamose salygose dar ne-
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4.3 pav. F475W — F814W spalvos rodiklio skirtumai tarp T ir C apertiiry matavimy,
kaip R funkcija. Individualiy spieciy skirtumus Zymi pilkos linijos, Raudoni simboli-
ai — medianines A(F475W — F814W)c vertes, o ,,Gsai" — 16—84 procentiliy intervala.
Fiksuotas T aperttiros spindulys yra Rt = 3.0”. Mélynos vertikalios linijos Zymi spin-
dulius, lygius 2 X Rsy. Paneliy blokai virSuje rodo priklausomybe nuo spieciaus masés
ir amzZiaus (spie¢iams su r. = 0.2” ir y = 2.8), apacioje — nuo radialinio profilio
parametry (spieciams su log,,(M/My) = 3.0 ir log,,(¢/yr) = 8.0). Kairé¢je esanciuose
paneliy blokuose pateikti rezultatai, kai j fotometrinius matavimus jtraukiamos visos
spieciams priklausancios Zvaigzdés, o deSinéje — pasalinus PMS Zvaigzdes.

buvo i$samiai iSbandytas. Todél Siame darbe metoda taikome dirbtiniams spieciy vaiz-
dams be dangaus fono, siekiant jvertinti jo veikima idealiomis salygomis ir patikrinti
ar, stochastiniai efektai nesukuria reik§mingy spalvos rodikliy gradienty.

Siekiant jvertinti sistematinius nuokrypius naudojant mazas spalvines apertiiras
(C), apibréziame spalvos rodikliy skirtuma:

A(CDyrc = Cly - Clg, @.1)
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kur CIr ir Cl¢ yra spalvos rodikliai, iSmatuoti naudojant T ir C apertiiras. pa-
rodyta A(F475W—-F814W)rc priklausomybé nuo C apertiiros spindulio Rc ir spieciaus
parametry.

ReikSmingy sistematiniy spalvos rodiklio gradienty néra — medianiné A(CI)yc
reikSme iSlieka artima nuliui. Taciau matoma didelé sklaida, kuri mazéja didéjant
Rc ir yra didesne dideliems, maZiau koncentruotiems spie¢iams. Sklaida reikSmingai
sumazéja, kai Rc 2 2 X Rsg, todel tai gali bati praktiSka ir naudinga rekomendacija C
apertiiros dydZiui.

Jauni (# = 10-100 Myr) spieciai pasiZymi itin didelemis, daZniausiai teigiamomis
A(CDrc reikSmémis, kartais siekianciomis net +1.0 mag ar daugiau. Staig@s spalvos
Suoliai rodo, kad juos daugiausia lemia ryskios raudonos PMS Zvaigzdés. Tai patvirti-
na matavimai paSalinus PMS ZvaigZzdes (7r. deSiniuosius paneliy blokus):
sklaida sumaZzéja, spalvos Suoliai iSnyksta, o skirtumai dazniausiai nevirsija 0.1 mag.

ISimtis yra jauniausi maZos masés spieciai (log,y(t/yr) = 7.0; log,((M/Mp) <
3.0), kuriy sklaida gali siekti apie +0.5 mag. Siuo atveju T ir C matavimy skirtu-
mas yra neigiamas, t.y. C apertiiros matavimai yra raudonesni. Suoliai i§ neigiamos
skirtumo pusés greiCiausiai susij¢ su virSutinés MS Zvaigzdziy stochastiSkumu, kai
rySkiausios MS Zvaigzdés nepatenka j C apertiira.

Taigi, tinkamai parinkta C apertiira gali sumazinti ryskiy fono Zvaigzdziy bei tam
tikrais atvejais evoliucionavusiy spieciaus ZvaigzdZziy jtaka ir pagerinti spieciy spalvos
rodikliy bei fiziniy parametry nustatymo patikimuma (Beerman et al.|2012). Sis meto-
das naudingas tiriant artimy galaktiky diskuose esancius spiecius, kuomet naudojami
aukstos skyros kosminiy teleskopy steb¢jimai (Johnson et al.[2015}[2022;|/Adamo et al.
2017;|Cook et al.[2019; Deger et al.|2022).

4.3 Spieciy fotometrijos neapibréztumai

Esminéms apertiirinés fotometrijos tikslumo riboms jvertinti nagrinéjome tris neapi-
bréztumy Saltinius: aperttiros centro ir dydZio parinkima (APT), stochastinius IMF ir
zvaigzdZiy erdvinio pasiskirstymo efektus (GEN) bei projekcijos efektus (ROT). APT
atveju kiekviena spieCiy matavome devyniose centro padétyse ir su trimis apertiros
dydziais (dviejy i$ jy spinduliai nuo originalaus skiriasi =1 vaizdo elementu), i§ vi-
so gaudami 27 matavimus. GEN ir ROT neapibréZtumai nustatytu atitinkamai i§ 100
nepriklausomy spieciaus realizacijy ir 100 stebéjimo krypciy kiekvienam spieciui. Vi-
sais atvejais neapibréZtuma prilyginome pusei 16-84 procentiliy intervalo ir Zymime
O APT> OGEN bei oroT.

4.4 pav.| rodo trijy neapibréZtumo Saltiniy jvercius F336W — FATSW ir F475W —
F814W spalvos rodikliams, priklausomai nuo apertiiros spindulio. Cia pateikiame
rezultatus keturioms mases ir amZiaus kombinacijoms (log,y(t/yr) = 7.0 ir 10.0;
log,,(M/Mg) = 2.0 ir 4.0) su profilio parametrais r. = 0.2” ir y = 2.8, kurie atitinka
tipinius spieCius stebimus artimy galaktiky diskuose (e.g., Larsen|2004; Sablevicitite
et al.|2006l 2007; [Vansevicius et al.[[2009; Ryon et al.|2017; Brown & Gnedin|2021)).
Visi neapibréZtumai maZéja didéjant apertiirai, ypac intervale nuo R,, = 0.5” iki 1.0”,
o ties Ryp 2 1.5” stabilizuojasi ir pasiekia daugmaz pastovy lygj ir tampa labai maZi
(oror S 0.01). Verta pamineéti, kad kuo spieciai kompaktiskesni, tuo paklaidos ap-
skritai yra maZesnés.

GEN ir ROT efekty sukeliami neapibréZtumai (ypa¢ dominuoja GEN) yra stipriai
didesni uZ APT paklaidas. Idealizuoty salygy (kuomet néra su fonu susijusiy efekty)
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4.4 pav. Zvaigzdziy spietiy apertiirinés fotometrijos spalvos rodikliy neapibréztumy
priklausomybé nuo apertiiros spindulio R,,: F336W — F475W (kairysis stulpelis)
bei F475W — F814W (desinysis stulpelis). VirSutinés panelés rodo sklaida dél
apertliros padéties ir dydZio efekty (o-apr); vidurinés panelés — sklaida del projekcijos
efekty (oror); apatinés panelés — sklaida del ZvaigzdZziy IMF ir erdvinio pasiskirsty-
mo stochastiSkumo (oggn). Rezultatai pateikti spieciams, kuriy radialinio profilio
parametrai: r, = 0.2” ir y = 2.8; keturioms skirtingoms spie€iy amziaus ir masés
kombinacijoms (Zr. legenda).

atveju fundamentalia apertarinés fotometrijos tikslumo riba lemia IMF stochastisku-
mas. Taciau kai kuriais atvejais svarbis ir sistematiniai efektai, pvz., fiziniy parametry
iSsigimimai (Worthey|1994; Bridzius et al.|2008}; [Whitmore et al.[2023).

Projekcijos efektai sudaro pastebima bendry fotometriniy paklaidy dalj ir atskirais
atvejais gali reikeéti j juos atsizvelgti. HST stebéjimy atveju, M 31 atstumu esantiems
tipiniams spieciams, naudojant R,, < 1.5 apertiiras, projekcijos efektai spalvos rodik-
liams paprastai sukelia iki ~0.05 mag, o pavieniais atvejais iki ~0.1 mag neapibreéztu-
ma. Siy efekty jtaka maZéja masyviems ir kompaktiskiems spie¢iams bei naudojant
didesnes apertiiras, taciau pastarosios didina fono Zvaigzdziy tarSos rizika. Optimali
apertiira priklauso nuo spieciaus bei jo aplinkos ir turi biiti parenkama individualiai.
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4.4 Fiziniy parametry nustatymo tikslumas

Siame poskyryje miisy tikslas — jvertinti, kokias spie¢iy fiziniy parametry tikslumo
ribas galime pasiekti aperttirinés fotometrijos metodais. Nagrinéjame tris parametrus:
amZiy, mas¢ bei tarpZvaigZding ekstinkcija, iSreikSta per spalvos ekscesa E(B — V).
Analizavome nedidele 1920 dirbtiniy spieciy imti — po 20 nepriklausomy realizacijy
kiekviename i§ 96 potinklio mazgy, kuriy parametrai pateikti [@.1]lentel¢je.

4.1 lentelé. Spieciy modeliai naudoti fiziniy parametry nustatymo testuose.

Parameter Values
log,((M/Mp) 2.5,3.0,3.5,4.0
log,((t/yr) 7.0, 8.0,9.0, 10.0
Te 0.10”, 0.40”

y 2.2,2.8,7.0

Naudojome visy SeSiy juosty fotometrija, atlikta su R,, = [0.5”,1.0”,2.0”,7.0"]
apertiromis. Fizinius parametrus nustatéme lygindami matavimus su dideliu stochas-
tiniy modeliy integralinés fotometrijos katalogu, naudojant de Meulenaer et al.| (2013}
2017) metoda (Zr. @] poskyrj). Naudojome modeliy tinkla, apimantj log,,(¢/yr) =
6.0-10.3, log,,(M/Mg) = 2.0-7.0ir E(B—V) = —0.03-1.5, taikant Saulés metalingu-
mo prielaida.

Tiksluma vertinome pagal skirtumus tarp nustatyty ir tikryjy parametry verciy:

e Alog(t/yr) = log(t/yr) — 10g(t/yr)input
o Alog(M/Mp) = log(M/Mp) — log(M/Meg )input
e AE(B—V)=E(B-YV) - E(B - V)inpu.

Pirminiai testai su E(B — V)ippue = 0.0 ir 0.5 mag neparode reikSmingu skirtumy, todel
toliau nagrinéjamas tik E(B — V)ippue = 0.0 mag atvejis.

pateikiame pagrindinius spieCiy parametry nustatymo testy rezultatus,
parodancius medianinius skirtumus tarp nustatyty ir tikryjy parametry priklausomai
nuo spieCiy amZiaus. Rezultatai, gauti naudojant R,, = 1.0”, 2.0” ir 7.0” aperttra
esminiy skirtumy neturéjo, taip pat nenustatéme aiskios priklausomybés nuo r, ir y.
Todél Sie rezultatai buvo apjungti j viena imtj (mélyni simboliai). Tuo tarpu, naudojant
Rap = 0.5 gauti skirtumy skirstiniai Zenkliai skyrési nuo rezultaty, gauty matuojant su
didesnémis apertliromis, todel juos pateikiame atskirai (raudoni simboliai). Paklaidy
,usai" Zymi skirtumy skirstiniy 16—84 procentiliy intervala.

Naudojant R,, = 0.5" apertiira, parametry nustatymo tikslumas yra maZesnis nei
su didesnémis apertiromis. R,, = 0.5 atveju parametry skirtumy medianos yra
reik§mingai pasislinkusios nuo nulio, o tai rodo sistematiniy nuokrypiy egzistavima.
Parametry skirtumy skirstiniai naudojant didesnes apertiiras yra siauresni, ir nustatomi
parametrai yra tikslesni bei patikimesni.

t = 10 Myr atveju naudojant R,, = 0.5”, spieCiy amZius ir masé sistemingai per-
vertinami mazdaug +0.2 dex, o sklaida siekia ~0.7 dex. Todel, labai mazy apertiiry
(M 31 spieciy atveju Ry, < 0.5”) naudoti nerekomenduojama. Tiesa, net ir su didesnémis
apertliromis jauniausiy spieCiy parametry nustatymas iSlieka sudétingas: amZziaus ir
mases skirtumy sklaida siekia ~0.2 dex. To prieZastis yra trumpai gyvuojanciy ryskiy
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4.5 pav. Zvaigzdziy spiediy fiziniy parametry nustatymo testy rezultatai, pateikti kaip
skirtumai tarp atkurty ir tikrgjy parametry verciy. a) panelé rodo amZiaus skirtumus;
b) — mases skirtumus; c) — spalvos eksceso E(B — V) skirtumus. Raudoni apskriti-
mai Zymi medianinius parametry skirtumus, gautus naudojant R,, = 0.5 apertiiros
matavimus. Meélyni apskritimai rodo medianinius skirtumus, nustatytus naudojant
Ry = 1.0”7,2.0” ir 7.0” apertiiry matavimus, juos sujungus j viena duomeny rinkinj.
Paklaidy ,,Gsai" atitinka 16—84 procentiliy intervalus. AiSkumo délei simboliai ir juos
jungiancios linijos Siek tiek pastumti iSilgai X aSies nuo tikryjy amziaus reikSmiy.

masyviy ZvaigzdZziy stochastinis poveikis, nes jy buvimas ar nebuvimas pasiZymi
dominuojancia jtaka integralinei spieciaus fotometrijai, ir tai gali reikSmingai paveikti
parametrus.

Taigi, jauny spieciy fiziniy parametry nustatymas vien i§ apertiirinés fotometrijos
matavimy yra riboto tikslumo, o realiomis salygomis, esant dangaus fonui, tikslumas
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bus dar maZesnis. Kaip ir Johnson et al|(2022), miisy rezultatai rodo, kad jauniems
(t < 1 Gyr) i$skiriamiems arba pusiau i§skiriamiems j ZvaigZzdes spieciams patikimes-
nius fizinius parametrus galime gauti taikant CMD analiz¢ (Dolphin|[2002; |Johnson
et al.|[2016; Ceponis et al.[[2024; Zheng et al.||2025). Miusy manymu, tiksliausi ir
patikimiausi parametry jverciai r < 1 Gyr spieiams nustatomi derinant CMD analizg
ir integralinés fotometrijos rezultatus.

4.5 Spieciy struktiiriniy parametry neapibréztumai

Galimybés tirti uzgalaktiniy spieciy dinaming evoliucija priklauso nuo jy struktariniy
parametry jvertinimo tikslumo, todél toliau nagrinéjame, kokia jtaka i§ FGC nustatomy
struktiiriniy parametry tikslumui turi stochastiniai efektai. Tokiu paciu principu kaip
@.3|poskyryje, t.y. imant skirstiniy 16-84 procentiliy intervalus, jvertinome struktri-
niy parametry neapibréZtumus del IMF ir ZvaigzdZiy erdvinio pasiskirstymo stochas-
tiSkumo (oggn) bei dél projekcijos efekty (oror). Kadangi struktiiriniai parametrai
labai priklauso nuo EFF modelio parametry, nagriné¢jame santykinius neapibréztumus
(santykiai tarp absoliuciy neapibréztumy ir atitinkamy parametry mediany) dggn ir
ORror, 1SreikStus procentais. Toliau pateikta analizé pagrista rezultatais F475W juosto-
je.

parodytos dggn ir dror vertés priklausomai nuo spieiy amZiaus ir masés
Rso, R30/Rs0, Rso/Rgo parametry atveju. Cia pateikti r. = 0.2” ir y = 2.8 modeliy
rezultatai. Matome, kad GEN efektai sukelia didel¢ Rso sklaida, nors spieciai sug-
eneruoti su tais paciais modeliy parametrais. DidZiausi neapibréZtumai nustatyti labai
jauniems spie¢iams — t = 10 Myr atveju dggn VvirSija ~40%. MaZos masés objektams
log,,(M/Myg) < 3.0 GEN efektai sukelia ~20% neapibréZtuma, o tik vidutinio amZi-
aus (100 Myr ir 1 Gyr) masyvesni spieciai (log;,(M/Mgy) = 4.0) pasiZymi dgen < 10%
paklaidomis.

ROT efektai sukelia maZesnius Rso neapibréZtumus nei GEN efektai visame na-
grinéjamame masiy bei amZiy intervale. Didesnés mases spieCiams log,,(M/Mg) >
3.0, dror nukrenta Zemiau 10% ties log,,(¢/yr) > 8.0 amZiais, taiau ties log,(¢/yr) =
7.0 i8lieka apie 10-20%. MaZiausios mases spie¢iams, log,,(M/My) = 2.0, dror yra
~20% visame amziy intervale.

Palyginus santykius R3(/Rs¢ ir Rso/Rgy, matome, kad abiejy tipy efektai didesnius
neapibréZtumus sukelia Rso/Rgo atveju. GEN efektai log,;,(M/Mg) < 3.0 spieCi-
ams lemia ~10-30% R3o/Rs¢ paklaidas, o Rso/Rgo atveju — ~20-60%. Tame paciame
masiy intervale ROT efektai sukelia maZesnius neapibréZtumus: ~5-15% ir ~10-25%
R30/Rsp bei Rsy/Rgy atvejais, atitinkamai. Tai rodo, kad R3p/Rsp yra patikimesnis
spieciy struktiiros ir kompaktiSkumo jvertis nei Rsg/Rgo, kadangi iSorinés spieciy sri-
tys yra jautresnés stochastiniams efektams.

rodo, kad i§ FGC nustatomi struktiiriniai parametrai paprastai patikimes-
ni didesnés masés spieCiams, iSskyrus pacius jauniausius amzius. Daugeliu atvejy
GEN ir ROT efekty sukeltos paklaidos mazéja iki mazdaug ~1 Gyr amziaus, o ties
10 Gyr vel padidéja. ISimtis stebima log;,(M/Mg) = 2.0 objektams, kuriems matome
priesinga oror priklausomybe nuo amziaus. Labai jauni mazos mases spieCiai daz-
niausiai neturi PMS ZvaigZdZiy, taciau laikui bégant juose atsiranda rySkiy domi-
nuojanciy PMS Zvaigzdziy. Stochastiskas tokiy ZvaigzdZiy pasiskirstymas maZzos
mases spieCiuose gali stipriai paveikti FGC forma, o tai padidina struktdriniy para-
metry neapibréztuma.
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4.6 pav. Santykiniy (iSreikSty procentais) spieCiy struktfriniy parametry paklaidy
priklausomybé nuo amziaus. Kairysis stulpelis rodo medianinius neapibréZtumus
del IMF ir ZvaigZdziy erdvinio pasiskirstymo stochastiSkumo (dggn), 0 deSinysis —
paklaidas, atsirandancias dél spieciy projekcijos efekty (Sror). VirSutiné paneliy eile
vaizduoja rezultatus Rsq atveju, viduriné — R3o/Rsp, 0 apatiné — Rsg/Rgo. Rezultatai
pateikti dirbtiniams spieciams su r, = 0.2” ir y = 2.8 parametrais, trijy skirtingy
spieciy masiy atveju (Zr. legenda). Dél aiSkumo mélyni ir raudoni simboliai (bei jun-
giancios linijos) yra Siek tiek pastumti iSilgai X aSies nuo tikryjy amZiaus reikSmiy.

Apibendrinant, maZos mases (log;,(M/My) < 3.0) ir jauny (log,q(t/yr) < 8.0)
spieciy struktiiriniai parametrai, nustatyti remiantis vien FGC analize, pasiZymi dideli-
ais neapibréZtumais ir turéty bati interpretuojami atsargiai. Projekcijos efektai Rsg
atveju gali sukelti iki 10-20% paklaidg, tac¢iau IMF stochastiSkumas sukelia Zenkliai
didesnius neapibréZtumus ir yra pagrindinis paklaidy Saltinis. Nors ryskiy ZvaigzdZiy
pasalinimas lemia didesnj struktiiriniy parametry tiksluma, tai visy problemy pilnai
neiSsprendzia, ypa¢ mazos masés jauniems spieCiams. Standartiné apertiiriné fo-
tometrija gali biiti naudinga, taCiau néra pakankama spieciy struktiiros charakteri-
zavimui. Todeél auksto tikslumo analizei reikalingi papildomi metodai, tokie kaip
individualiy ryskiy ZvaigzdZiy jskaitymas (Narbutis et al.|2014; Naujalis et al.|2021}))
arba detalus 2D pavirSinio Sviesio modeliavimas (Larsen![1999; Narbutis et al.|2014;
Brown & Gnedin|2021)).
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S skyrius

Dangaus fono efektai

Realiy stebéjimy salygomis apertiirinés fotometrijos tiksluma labai jtakoja netolygus
dangaus fonas ir rySkios lauko Zvaigzdes, galinCios iSkraipyti spieciy fotometrija ir
lemti netiksliai nustatytus fizinius parametrus (Kodaira et al.|[2004} Narbutis et al.
2008; Krienke & Hodge|2007}, 120085 Hodge et al.|2009} 2010; Johnson et al.|2012; |de
Meulenaer et al.|2017).

Siame skyriuje sintetinius spiedius jterpéme j tikrus skirtingo ZvaigzdZiy tankio
M 31 disko vaizdus ir jvertinome dangaus fono poveikj fotometrinéms paklaidoms
bei jy priklausomybg nuo spieciy parametry ir apertiry dydZiy.

5.1 Fono laukai

Siekiant jvertinti fono poveikj spieciy aperttirinés fotometrijos ir katalogo pilnumo ri-
boms PHAT apZvalgos kontekste, dirbtinius spiecius (Zr. E] skyriy, @]lentele) iterpéme
1 penkis tikrus M 31 diske esancius fono laukus, kurie pasiZzymi skirtingu ZvaigzdZiy
tankiu (5.1 pav]). Fono laukai yra 17" x 17” dydZio, o tai M 31 atstumu atitinka
~65% 65 pc. Jie yra didesni nei 15" X 15” dirbtiniy spieciy kadrai, o tai leido kiekviena
spieciy jterpti Siek tiek skirtingose atsitiktinése padétyse tame paciame fono lauke,
iSlaikant tas pacias charakteringas lauko savybes. Tai sumazino sistematiniy efekty
rizika, kurie galéty atsirasti visus modelius talpinant toje pacioje vietoje.

Fono laukai buvo parinkti, kad apimty skirtingus ZvaigZdziy tankius ir atspindeéty
jvairias M 31 diske esanéias aplinkas. galima pamatyti, kad B1 ir B3
laukai yra aktyvios Zvaigzdedaros Zieduose (~15kpc ir ~10 kpc nuo galaktikos cen-
tro), kur budinga stipri diferencialiné ekstinkcija ir didelis rySkiy jauny ZvaigzdZiy
tankis. Tuo tarpu B2 ir B4 laukai yra tarpinése srityse, kur dominuoja senesnés pop-
uliacijos zZvaigzdés ir yra maziau dulkiy. BS5 laukas atspindi centring M 31 disko
dalj, pasiZymincig itin dideliu ZvaigzdZiy tankiu. Atkreipiame démesj, kad B3 laukas
yra vienoje pagrindiniy M 31 disko struktiiry — 10 kpc Zvaigzdedaros Ziede, kuriame
randama didZioji dalis PHAT apZvalgoje identifikuoty spieciy. Deél Sios prieZasties
B3 laukas Siame skyriuje placiai naudojamas analizuojant jvairias parametry priklau-
somybes, kaip reprezentatyvus fono laukas, atitinkantis tipines M 31 disko spieciy
aplinkos salygas.
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5.1 pav. Fono laukai M 31 diske. VirSutingje paneléje pavaizduota 24 um
Spitzer/MIPS M 31 nuotrauka, kurioje pasirinkty fono lauky (B1-BS5) vietos
pazymétos raudonais simboliais.  Apatinés panelés rodo dirbtinio spieciaus
(log;((M/Mp) = 3.5, log,o(t/yr) = 7.0, r. = 0.2” ir y = 2.8) vaizdus, ji patalpi-
nus j kiekviena i§ fono lauky. BO Zymi atvejj be fono. Violetiniai ir Zydri apskritimai
Zymi apertlras, kuriy spinduliai yra atitinkamai R,, = 1” ir 2”. 15" x 15" spalvoti
vaizdai gauti sukombinavus F336W (mélyna), F475W (zalia) ir F814W (raudona)
fotometriniy juosty duomenis.

5.2 Fono lygio nustatymas ir aperturiné fotometrija

Siame tyrime pritaikéme Johnson et al.| (2012) automatinj fono nustatymo metoda,
naudota PHAT ir PHATTER spieciy fotometrijai (Johnson et al.|[2012, |2015| [2022)).
Aplink kiekviena j fono lauka jterpta spieiy iSskiriamas Ziedas, kurio ribos yra 1.2 X
Ryp ir 3.4 X R,p. Fono lygio jvertinimui visais atvejais naudojama R,, = 2.0” apertira.
Sis Ziedas padalijamas j 10 maZesniy, vienodo ploto Ziedy, kuriy kiekviename ap-
skai¢iuojamas integralinis srautas. Siems 10 jver&iy pritaikome 20~ atmetimo procedii-
ra. Likusiy verciy vidurkj laikéme galutiniu fono lygiu, o jy standartinis nuokryp-
is prilyginamas fono lygio paklaidai, 0. Kadangi fotometrija kiekvienam modeliui

147



atliekama su jvairaus dydZio apertiromis, fono lygio verté yra perskaiciuojama taip,
kad atitikty pasirinktos apertiiros dydj. Fono lygis jvertinamas kiekvienam spieciui
atskirai po jo jterpimo j fono lauka.

Nustacius fono lygj, atliekami aperttirinés fotometrijos matavimai su apertiiromis
nuo R,, = 0.5” iki 5.0” trijose PHAT juostose (F336W, F475W, F814W), visuose
penkiuose fono laukuose ir befoniu (B0) atveju.

Toliau apertiiry dydZiai iSreiSkiami Rs vienetais, naudojant BO atveju i§ F475W
FGC nustatyta verte. Taikome minimalia R,, = 0.5” riba, nes maZesnés apertiiros yra
pernelyg jautrios stochastiniams efektams (zr. 4.2H4.4] poskyrius).

5.3 Fotometrinés paklaidos ir optimalios aperturos

Siame poskyryje nagrinéjame apertiirinés fotometrijos paklaidas ir tikslumo ribas real-
istiSkomis galaktiky disky salygomis. Analizéje jtraukiami trys pagrindiniai paklaidy
Saltiniai: statistinis puasoninis triukSmas, paklaida susijusi su apertiiros pozicionav-
imu, bei paklaidy Saltinis susij¢s su dangaus fono lygio neapibréZtumu. Toliau na-
grinéjame tik apibendrintas paklaidas, kurias Zymime o7, ir j kurias jtraukiame visus
tris anks¢iau minétus paklaidy Saltinius.

pavaizduotos spieciy amZiaus—masés parametry erdvés sritys, kuriose
bent 50% modeliy atitinka uzduotus tikslumo kriterijus F475W, F336W — FAT5W
ir F475W — F814W matavimams. Rezultatai parodyti skirtingiems fonams (B1, B3,
B5), paklaidy riboms (o, = 0.05, 0.10, 0.30 mag) ir apertiry dydziams (Ryp). Paklaidy
ribos pasirinktos remiantis [de Meulenaer et al.| (2015). Esant o, < 0.05 mag galima
patikimai nustatyti spieCiaus amZiy, masg, ekstinkcija ir senesniy nei 1 Gyr spieciy
metalinguma. Kai o, < 0.10 mag amzZius, masé ir ekstinkcija dar gali biiti nustatomi
gana tiksliai, laikant, kad metalingumas yra Zinomas. Esant o, < 0.30 mag, daZniau-
siai jmanoma tik apytiksliai jvertinti amZiy ir mase, laikant ekstinkcija ir metalinguma
Zinomais.

Kairysis stulpelis rodo fono aplinkos jtaka, lyginant B1, B3 ir B5 laukus.
Fono jtaka stipriausia F475W — F814W spalvai dél ryskiy raudony lauko ZvaigzdZiy
tarSos F'814W juostoje. UV ir optiniy matavimy tikslumas nuo fono savybiy priklauso
silpniau. Didesnj matavimy tiksluma baty galima pasiekti taikant pazangesnius fono
nustatymo metodus (Narbutis et al.[2014; |[Naujalis et al.[2021}; |[Kriscitnas et al.|[2023}
Pandey & Sahal[2025).

Viduriniame[5.2 pav] stulpelyje parodytos amZiaus—masés parametry erdves sritys,
kuriose bent 50% modeliy atitinka skirtingus fotometrinio tikslumo kriterijus (o; =
0.05, 0.10, 0.30 mag). TiesiSkai interpoliuojant tarp rezultaty, gauty F336W — F475W
ir FA75W — F814W spalvos rodikliams atskirai, gauname, kad B3 ties t = 1 Gyr o, =
0.05 mag kriterijy atitinka M > 5000 M, spieciai. o, = 0.10 mag riba pasiekiama
1600 < M < 5000 M, spieciams, o o, = 0.30 mag — 500 < M < 1600 Mg, objektams.
t = 100 Myr spiecCiams $ios masés ribos yra Zemesnés: o, = 0.05 mag pasiekiama jau
ties M 2 1000 Mg. Tuo tarpu o, = 0.10 mag pasiekiama 500 < M < 1000 Mg masés
spie¢iams, o 0, = 0.30 mag — 200 < M < 500 M.

DeSiniajame stulpelyje nagriné¢jamas apertiros dydZio efektas parametry
erdves sriciai, kurioje galima pasiekti o, < 0.05 mag tiksluma B3 atveju. Palygina-
mi trys Ry, variantai: fiksuota 1”, Rsq ir 1.5 X Rsg. Individualiai pagal Rsq parink-
tos apertliros paprastai padeda atlikti tikslesn¢ apertiiring fotometrija nei fiksuota 1”
apertiira. Placiausia parametry erdves sritis, kur galioja 0, < 0.05mag kriterijus,
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5.2 pav. Spieciy masés—amzZiaus parametry erdves sritys, kuriose aperttriné fotometri-
ja atitinka nustatytus tikslumo reikalavimus. Pilkos sritys ir spalvoti kvadratai Zymi
maseés ir amziaus kombinacijas, kurig atveju bent 50% dirbtiniy spieciy (i§ ~1300)
pasiZymi maZesne apibendrinta fotometrine paklaida o, nei pasirinkta tikslumo riba.
VirSutingje, vidurinéje ir apatingje paneliy eilése pateikti rezultatai F475W ryskiui,
F336W — F4T5W ir FATSW — F814W, atitinkamai. Kairiajame stulpelyje palyginti
skirtingy fono lauky rezultatai, gauti naudojant Ry, = 1.5 X Rsy apertiira ir taikant
o < 0.05 mag tikslumo riba. Vidurinysis stulpelis rodo priklausomybe¢ nuo pasirink-
tos o, ribos B3 lauko atveju, naudojant R,, = 1.5 X Rso apertiira. DeSiniajame stulpe-
lyje parodytas apertiiros dydZio efektas B3 lauko atveju, taikant o, < 0.05 mag riba.
Pateikti rezultatai gauti matuojant Rsy = 0.25” — 1.00” dydzio dirbtinius spiecius.

gaunama naudojant Rsy = 1.5 X Rsg. MaZesnés aperttiros gali sumaZinti fono tarSa
(Narbutis et al]2007D), tafiau yra jautresnés stochastiniams efektams, todeél daugeliu
atvejy rekomenduojama rinktis Ry, > Rso.

Siekiant patikslinti[4]skyriuje pateiktas apertary dydZio rekomendacijas, kiekvien-
am spieCiui nustatéme optimaly apertiiros spindulj Ry, atitinkantj maZiausia o, verte.
matome, kad blausesniems spieCiams optimalios apertliros yra mazesnes.
Tipiniams M 31 spie¢iams Rop varijuoja (1-2)xXRsg intervale. F475W — F814W spal-
vai optimalios apertiiros paprastai yra mazesnés del rySkiy raudony fono Zvaigzdziy
tarSos. Kituose fono laukuose nustatytos panasios tendencijos.
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5.3 pav. Optimals apertiiry spinduliai, R, priklausomai nuo integralinio spieciaus
F475W ryskio, pamatuoto BO atveju. VirSuting, viduriné ir apatiné panelés rodo Rop
vertes, skirtas F475W, F336W — FA75W ir F475W — F814W matavimams, atitinka-
mai. Rezultatai pateikti B3 laukui ir trims geometriniy parametry . bei y kombinaci-
joms (Zr. legenda; Cia taip pat nurodytos medianinés Rsq vertés atitinkamai parametry
kombinacijai). Simboliai rodo medianines R, reikSmes, o paklaidy ,,Gsai" — 16-84
procentiliy intervalus. Punktyrinés kreivés Zymi prie mediany maZiausiy kvadraty
metodu priderintas antro laipsnio polinomines funkcijas.

5.4 Katalogo pilnumas ir selekcijos efektai

Toliau nagriné¢jame dangaus fono jtaka spieciy aptikimo ir katalogo pilnumo riboms.
Sie aspektai apibréZia spieciy analizés galimybiy ribas ir parametry erdve, kurioje gal-
ime patikimai interpretuoti rezultatus. Tam naudojome tolydZia 20 milijony modeliy
imtj, suskai¢iuota F475W juostoje (Zr. lentelc). Siuo tikslu spieciaus kontrasta
fono atZvilgiu apibréZiame santykiu:

F.
CBR = -2, 5.1

Fyq
¢ia F; yra spieCiaus F475W srautas BO atveju, o F, — fono F475W srautas pasirink-
tame M 31 fono lauke; abu srautai matuojami su R,, = Rso apertlira. Kai spieCi-
aus Rso < 0.5”, naudojame minimalia R,, = 0.5” apertiira, siekiant iSvengti stipriy
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stochastiniy efekty. pateikiame dirbtiniy spie¢iy pavyzdzius B0 ir B3 lauku-
ose bei jy CBR reikSmes.

CBR=2.7

CBR=30.4

=7.5

log(t/yr)

=8.0

log(t/yr)

=8.5

log(t/yr)

CBR=1.9

=9.0

log(M/My)=3.0

log(t/yr)

log(M/Mg)=2.5 log(M/My)=3.5
5.4 pav. Skirtingo amZiaus ir mases dirbtiniy spieciy vaizdai BO lauke (kairioji pan-
ele kiekvienoje poroje) ir B3 lauke (deSinioji panel¢). SpieCiy masés nurodytos po
kiekvienu stulpeliu, o amziai — kiekvienos eilutés kairiojoje puséje. Visi pavaizduoti
spieciai sugeneruoti naudojant r. = 0.2” ir y = 2.8 parametrus. Vir§ kiekvienos vaizdy
poros pateiktas spieciaus ir fono signaly santykis CBR (Zr. apibrézima[5.4]poskyryje),
apskaiciuotas B3 laukui. Violetiniai apskritimai Zymi apertiiras, naudotas CBR
vertéms nustatyti. 5” X 5" spalvoti vaizdai gauti sukombinavus F336W (mélyna),
F475W (Zalia) ir F814W (raudona) duomenis.

Spiecius su CBR > 1.0 jprastai galime nesunkiai atskirti nuo fono vizualinés
paieskos metu, todel §j kriterijy laikome Zmogaus atlieckamos paieSkos riba. CBR >
0.4 atitinka apie 1 mag blausesnius objektus, kuriuos potencialiai gali aptikti Siuo-
laikiniai maSininio mokymosi (ML) algoritmai (Thilker et al.|[2022).

Naudodami CBR reikSmes jvertinome selekcijos efekty jtaka stebimai spieCiy
masés funkcijai (CMF) PHAT kontekste (Zr.[5.5 pav.). Prading CMF apraséme Schech-
ter laipsnine funkcija su rodikliu 8 = —2 (Schechter|[1976; |Gieles|2009) ir charak-
teringa funkcijos laZio mase M = 10* M. Tai atitinka M 31 disko spieciy populiacija
(Johnson et al.[2017)).

Virsutingje[5.5 pav] paneléje lyginame atkurtas CMF skirtingiems amZiams, taikant
dvi aptikimo ribas: CBR > 0.4 ir CBR > 1.0. Cia pateikiame B3 lauko rezultatus.
Jaunesniems nei 100 Myr spieciams CBR > 0.4 salyga uZtikrina CMF iki ~300 Mg,
o CBR > 1.0 atveju pilnumo efektai pasidaro pastebimi jau ties ~1000 My. Ties
300 Myr S$ios ribos atitinkamai yra ~600 Mg ir ~1800 M. Tai rodo, kad naudojant
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5.5 pav. Spiec¢iy masés funkcijos (CMF) selekcijos efektai. Pradiné CMF (juoda
linija) apraSoma Schechter funkcija su laipsnio rodikliu 8 = -2 ir charakteringa
funkcijos lizio mase Mc = 10*Mg. VirSuting panelé: skirtingo amZiaus dirbtiniy
spie¢iy CMF (Zr. legenda) B3 lauko atveju, taikant CBR > 1.0 (punktyrinés linijos)
ir CBR > 0.4 (itisinés linijos) aptikimo kriterijus. Apatiné panelé: log,,(¢/yr) = 9.0
amziaus spie¢iy CMF B1-B5 laukuose; ¢ia parodyta priklausomybé nuo aplinkos
ir atstumo iki M 31 centro, taikant CBR > 0.4 aptikimo kriterijy. Rezultatai gauti
Rso = 0.25” — 1.00” dydzio dirbtiniams spieCiams.

ML aptikimo metodus galima pasiekti ~3 kartus mazesn¢ minimalia spieciy mase, ly-
ginant su vizualine paieSka, o tai M 31 (taip pat ir M 33) disko atveju jgalinty atlikti
patikimus CMF tyrimus net ir labai maZos masés spieciy srityje.

Apatineje paneléje matome, kad atkuriama CMF stipriai priklauso nuo
aplinkos. Ties t = 1Gyr ir esant CBR > 0.4 aptikimo ribai, iSorin¢ disko aplinka
atitinkanciuose B1 ir B2 laukuose CMF atkuriama iki ~500 M. B3 ir B4 fono lauku-
ose, kurie atitinka Zvaigzdédaros ir vidutinio tankio sritis, §i masés riba pasislenka jau
ties ~1500 My. BS lauke, kuris atitinka labai tankia viding disko dalj, CMF galima
atkurti jau tik vir§ ~3000 M. Taigi patikimai atkuriamos CMF masés riba M 31 diske
kinta kelis kartus, todé¢l atliekant CMF tyrimus, ypac susijusios su jos radialinémis
priklausomybémis, biitina atsizvelgti j aplinkos lemiamus selekcijos efektus.
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6 skyrius
Zvaigzdziy spie¢iai M 31 diske

Siame skyriuje nagrin¢jame M 31 disko maZos ir vidutinés masés (~300-30 000 M)
spieciy populiacija, ju formavimasi ir evoliucija. Dél M 31 artumo ir aukStos PHAT
apzvalgos erdvinés skyros galima iS§samiai tirti Siuos, ankstesniuose uzgalaktiniy spie-
¢iy darbuose menkai nagrinétus, objektus.

6.1 Spieciu duomenys

Tyrime naudojame M 31 ZvaigZdZiy spie€iy fiziniy ir struktfiriniy parametry kataloga
(Krisciunas et al.[2026), sudaryta remiantis adaptyvios apertlirinés fotometrijos matavi-
mais (Naujalis et al.[2021} Kriscitinas et al|2023) bei isskirty Zvaigzdziy fotometrija
(Williams et al.|2023). SpieCiy amzZius, masé ir ekstinkcija nustatyti aperttirinés fo-
tometrijos rezultatus lyginant su stochastiniais modeliais (de Meulenaer et al.|2015|
2017) bei patikslinti naudojant CMD ir izochrony derinima (éeponis et al.[[2024).
Struktiiriniai parametrai buvo apskaiiuoti i§ srauto augimo kreiviy. Sj kataloga su-
daro 1922 spieciai jaunesni nei 800 Myr. Po papildomos perZitiros Siam tyrimui pasali-
nome 4 objektus, todé¢l galutine tiriama imtis — 1918 spieciy.

parodytas spie¢iy masés—amzZiaus skirstinys. Cia objektai suskirstyti pa-
gal Rsg 1 kompaktiskus (Rsp < 1.8 pc, mélyni simboliai) ir labiau iSplitusius (Rsp >
1.8 pc, raudoni simboliai). SpieCiy maseés apima platy intervalag nuo <300 M, iki
30 000 Mg, taciau didZioji dalis objekty M > 1000 Mg. Nedidelis maZos masés
spieciy skaiCius susijes su selekcijos efektais, o dideliy masiy spieciy (M = 2000 Mg)
skai¢iaus maz¢jimas greiCiausiai yra fizikines kilmes (Zr. [5.4]poskyrj).

AmZiaus skirstinyje matomas ryskus pikas ties ~150-250 Myr, kuris indikuoja
tuo metu padidéjusia spieciy formavimosi sparta, galimai dél saveikos su galaktika
M 32 prie§ ~210Myr (Block et al.|[2006). Sio Zvaigzdédaros Zybsnio egzistavima
implikuoja ir CefeidZiy ZvaigzdZiy tyrimai (De Somma et al.[2025)). Po ~300 Myr ste-
bimas reikSmingas spieciy skai¢iaus maz¢jimas, kurj greiciausiai nulemia selekcijos
ir spieciy iSardymo efekty kombinacija.

Jauni (r < 100Myr) objektai daZniausiai yra maZos mases, taCiau yra ir kele-
tas masyviy (2 10 000 M), kurie pasiZymi dideliu dydZiu — tikétina, kad pastarieji
yra gravitaciSkai nesuriStos Zvaigzdziy asociacijos. Lyginant dvi spieciy dydZzio gru-
pes, didesni spieciai vidutiniSkai yra Siek tiek senesni ir masyvesni, bei jy masiy
skirstinys pasiZymi platesne didelés mases ,,uodega”, o kompaktiski labiau dominuoja
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6.1 pav. M 31 zvaigzdziy spieCiy masés—amziaus diagrama. Objektai suskirstyti |
dvi grupes pagal pusés Sviesio spinduli: kompaktiski (Rso < 1.8 pc; mélyna spalva) ir
iSplite (Rso > 1.8 pc; raudona spalva) spieCiai. Siekiant geresnio vizualaus aiSkumo,
duomeny taSkams pridétas nedidelis atsitiktinis poslinkis pagal Gauso skirstinj (o= =
0.01 pagal log,((¢/yr) ir o = 0.025 pagal log,,(M/My)). VirSutingje paneléje pateikti
abiejy grupiy amziy skirstiniai, o deSinéje — jy masiy skirstiniai.

mazy masiy srityje. Tai rodo galima spieciy mases—spindulio sarysj, kurj pladiau na-
grinéjame [6.3|poskyryje.

lyginame M 31 disko spieCiy Rso skirstinj su skirstiniais M 33 ir PT
galaktikose (ju spieciy imtys apribotos iki log;((M/Mg) < 5.0 ir ~800 Myr). M 33
duomenys paimti i§ PHATTER spieciy katalogo (Johnson et al.[2022)). PT spieciy dy-
dZiai paimti i§[Hunt & Reffert (2024) Gaia spieciuy katalogo. Mes analizei naudojame
tik tuos PT spiecius, kuriuos [Hunt & Reffert| (2024) klasifikuoja kaip “open clusters”,
t.y. padrikuosius spiecius. Tiesa, PT spie¢iams dydZio jvertinimo metodika drastiskai
skiriasi ir yra paremta individualiy spieciaus Zvaigzdzig-nariy skai¢iavimu. Todé¢l pa-
lyginimas su PT yra maZiau tiesioginis ir turéty bati interpretuojamas atsargiai.

PT spieciai vidutini$kai yra didesni nei M 31 ir M 33, o M 33 spieciai yra Siek
tiek kompaktiSkesni nei M 31. Medianinés Rsg vertés (po 30~ atmetimo) yra: M 31 —
Rsy = 1.82f8g$ pc: M 33 — Ry = 1.35f82§ pc; PT — Rsy = 3.1031):;2 pe. Cia paklai-
dos Zymi 16-84 procentilius. PT spieciy dydziai atitinka kity artimy galaktiky spieciy
skirstinius, kur jauny spieciy charakteringas dydis yra Rsy ~ 3 pc (Larsen|2004;
let al.|2005} [Scheepmaker et al.[2007; Ryon et al.|2015}, 2017; [Brown & Gnedin|202T).
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6.2 pav. M 31 ZvaigzdZiy spieiy dydziy skirstinio palyginimas su kity Vietinés grupés
spiraliniy galaktiky duomenimis. M 33 spieiy duomenys paimti i§ Johnson et al.
(2022) katalogo, o PT — i§ |Hunt & Reffert (2024) katalogo. Visoms galaktikoms
itraukti tik jaunesni nei 800 Myr spieciai. Siekiant vizualaus aiSkumo, M 33 ir PT
histogramos Siek tiek pastumtos M 31 histogramos atzvilgiu.

M 31 ir M 33 spieciai atrodo kompaktiskesni. Siuos skirtumus gali lemti tiek aplinkos
veiksniai, tiek selekcijos efektai, taciau svarbus veiksnys gali bati ir nevienoda dydZziy
ivertinimo metodika. M 31 atveju, ankstesni antZeminiai Subaru stebéjimai (Kodaira
et al.|[2004; Sableviciiité et al. 2006 2007; Vansevicius et al.|2009) taip pat indikuoja,
kad Siai galaktikai budingi kompaktiski spieciai (Rso ~ 1.5 pc). PanaSios iSvados gau-
tos ir M 33 galaktikai: ankstesni HST tyrimai rodo, kad jos spieciai jprastai maZesni
nei PT, M 31 ar Magelano Debesyse (San Roman et al.[2009, 2012).

6.2 ZvaigidZiuy spieciy struktiiriné evoliucija

Toliau nagrinéjame spieciy dydzio evoliucija. Siekiame tirti gravitaciskai suristy, ilgai
gyvuojanciy spieciy evoliucijg, taciau tikétina, kad Kris¢ianas et al.| (2026)) imtyje yra
ir nesuriSty asociacijy. Kad sumazinti tokiy objekty jtaka, pritaikéme |Gieles & Porte-
gies Zwart| (2011)) dinaminio amZiaus kriterijy II, kuris apibréZiamas kaip spieCiaus
amZiaus ¢ ir ZvaigzdZiy peréjimo per spieciy laiko ¢, santykis:

I1 = t/t,, (6.1)
kur peréjimo per spieciy laikas
R3 1/2
te = 10(G—153[] , 6.2)
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¢ia G — gravitacijos konstanta, M — spieCiaus masé. objektai su IT > 1 laikomi grav-
itaciskai suriStais spieciais, o su IT < 1 — nesuri§tomis asociacijomis (Gieles & Porte-
gies Zwart|201T).
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6.3 pav. Spieciy dydzio priklausomybé nuo amziaus. a) paneléje parodyti visi 1918
M 31 objektai, o b) paneléje — tik tie, kurie atitinka dinaminio amziaus kriterijy IT > 1.
¢) paneléje parodyti M 33 ZvaigZzdZiy spieciai i§ Johnson et al| (2022)) katalogo. d)
paneléje — PT spieciai i$ [Hunt & Reffert| (2024) Gaia katalogo; ¢ia jtraukti tik tie PT
objektai, kurie kataloge klasifikuojami kaip ,,padrikieji spieciai”. M 33 ir PT atvejais
itraukti tik r < 800 Myr ir log,,(M/My) < 5.0 spieciai, kurie atitinka IT > 1 kriterijy.

Raudonos kreivés rodo medianing Rsy evoliucija. Zydros kreivés rodo individualiy
spieciy i§ SPHGAL + KETJU modelio evoliucinius trekus. Sie trekai
apglotninti su slenkanciu pagal log,,(¢/yr) a8j 0.2 dex plocio langu. Punktyrinés linijos
zymi II = 1 ribg skirtingoms spieciy maseéms.

(a ir b panelése) parodyta M 31 disko spie¢iy Rsy priklausomybé nuo
amziaus: a) visi 1918 objekty, b) tik atitinkantys IT > 1 kriterijy. Neapribojus imties
pagal II, aiSkios spieciy plétimosi ar traukimosi tendencijos nematyti, taciau jaunesni
nei ~50 Myr objektai pasizymi daug didesne dydZziy sklaida. Tai gali rodyti vykstancia
struktiiring evoliucija, kai dideli objektai yra gravitaci§kai nesuriStos, efektyviai ardo-
mos sistemos, o maZi objektai — kompaktiski, besipleciantys spieciai. Pritaikius IT > 1
kriterijy, M 31 spieciy medianinis Rsy didéja su amzZiumi. Sparciausias augimas vyk-
sta per pirmuosius ~30 Myr, kai Rsy padidéja daugiau nei du kartus — nuo ~0.6 pc iki
~1.6 pc; veliau augimas suletéja. M 33 ir PT spieciams po ~ 100,Myr taip pat aiskios
dydzio kaitos beveik nematyti.

stebéjimuy rezultatai palyginti su SPHGAL+KETJU hidrodinaminiais spieciy
modeliais (Lahén et al/2025). Mes naudojome 1% saulés metalingumo nykstukinés
galaktikos (virialineé masé 4 x 10'°My) modeliavimo rezultatus. Nepaisant labai
skirtingy fiziniy salygy, evoliuciniai trekai gerai atitinka M 31 steb&jimy rezultatus
taikant IT > 1 kriterijy. Modeliuose ankstyva spieciy plétimasi lemia dujy paSalini-
mas, ZvaigzdZiy evoliucija ir vidiniai dinaminiai procesai, silpninantys spieciaus gravi-
tacinj potenciala. Tokj scenarijy palaiko ir JWST steb¢jimai, rodantys, kad spieciai i$
gimtyjy debesy iSnyra per ~6 Myr (Knutas et al.[|2025} |Pedrini et al.|[2026).

Sutapimas tarp miisy rezultaty ir SPHGAL + KETJU modeliy leidZia manyti, kad
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ankstyva M 31 spieciy plétimasi greiiausiai lemia vidiniai procesai,o ne iSorinés per-
turbacijos, pavyzdZziui susidirimai su GMC (Jgrgensen & Church|[2025). Nors stebi-
mas M 31 spieciy dydzio augimas gali bati bent i§ dalies susijgs su IT > 1 kriterijaus
taikymu, kompaktiSky 100-300 Myr spieCiy trokumas rodo, kad bent dalis dydZio
augimo yra fizine.

Siekiant jsitikinti, kad M 31 disko spieciy dydziai i§ tiesy kinta per pirmas ke-
lias deSimtis Myr, palyginome jaunesniy nei 30 Myr ir senesniy spieciy
Rso skirstinius. Jaunesniy nei 30 Myr spieCiy Rso skirstinio maksimumas yra ties
~1.0pc, o senesniy — ties ~1.7 pc. Svarbu tai, kad §is skirtumas islieka ir netaikant
IT atrankos. Taigi, jaunesni nei 30 Myr spie€iai i§ tiesy yra kompakti§kesni, o ste-
bimas Rso didéjimas greiciausiai atspindi realy fizinj spie¢iy plétimasi. Sio anksty-
vo plétimosi trukme (~30Myr) sutampa su masyviy Zvaigzdziy gyvavimo trukme,
todel tikeétina, kad reikSminga vaidmenj evoliucijoje gali turéti ZvaigzdZiy véjai bei
supernovy grizZtamasis rysys.

1 t=30Myr(N>1)
co0.6f r== t=30 Myr (No M limit)
= [ t>30 Myr
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6.4 pav. Rs skirstiniy palyginimas tarp jaunesniy nei 30 Myr (mélyna) ir senesniy
nei 30 Myr (raudona) M 31 spieciy. IStisinémis linijomis Zymimos histogramos rodo
imtis, atrinktas taikant IT > 1 kriterijy, o mélyna punktyriné histograma apima visus
jaunus spiecius, netaikant selekcijos pagal I1.

6.3 Masés — spindulio sarysis

Dar viena svarbi spieciy populiacijos savybé yra masés—spindulio sarysis, kuris pade-
da geriau apibrézti galimas spieciy formavimosi ir evoliucijos teorijas. ro-
do spieciy pasiskirstyma masés—Rsy erdvéje SeSiuose amziaus intervaluose. Palygi-
nimui pateikti du teoriniai sary$iai: pastovaus tankio Rsy o« M!/3 (Choksi & Krui-
jssen|2021; |Grudié et al[2021) ir Rsy o« M!/° (Gieles & Renaud|2016; Renaud|2018)
pusiausvyros, kurig lemia potvyniniai smugiai ir relaksacijos procesai. Taip pat par-
odyti ir SPHGAL + KETJU evoliuciniai trekai. [6.5 pav| a—c panelése aiSkiai matome
ankstyva spieciy plétimasi: per pirmuosius keliasdesimt Myr spieCiy Rso didé¢ja kaip
ir SPHGAL + KETJU trekai. Jauniausiy spieciy atveju (<10 Myr ir 10-30 Myr) gali
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susidaryti stataus sarysio jsptdis, taciau Sias imtis veikia [T > 1 atranka ir susij¢ gal-
imi selekcijos efektai. D¢l patikimy jrodymy trikumo, negalima teigti, jog jaunesniy
nei 100 Myr spieciy atveju egzistuoja aiSkus masés—spindulio sarySis. Senesniems nei
~100 Myr spieciams iSrySkéja aiSkus, nors ir gana silpnas, sarysis (7r. d-f).
Jo polinkio kampas yra tarp Rsg o« M'/3 ir Rsy oc M/, SPHGAL + KETJU trekai gerai
atitinka stebimg M 31 disko spieciy pasiskirstyma.

T T T T T T T T T T T T

0.8 a) <10 Myr (N=46) 1 b) 10-30 Myr (N=167) 4 €) 30-100 Myr (N=290) /_/-f

)
o
~
o
0 t } t t
o
— 0.8} d) 100-200 Myr (N=450)
3 rerale .
O r—’. ] ..‘\ 30 .
& )
0_4, - ,':ﬁ ‘—/— -. o -
e _/—"‘ . %
0.0, 0. 2 X0
_0'4,

2.5 3.0 3.5 4.0 45 25 3.0 35 40 45
log(M/Mg)

2.5 3.0 35 4.0 45

6.5 pav. Spieciy masés—spindulio saryS$io evoliucija. Kiekvienoje paneléje vaizduoja-
ma Rsy priklausomybé nuo masés skirtingiems amziy intervalams (nurodyta paneliy
virSuje). Skaicius Salia amziaus intervalo nurodo imties dydj. Palyginimui paro-
dyti pastovaus tankio Rsy o« M!/3 (Zalia punktyriné—taskiné linija) ir pusiausvyros
Rsp o« M'/° (raudona punktyriné linija) sarySiai. Meélyni punktyriniai kontdrai Zy-
mi skirstinio KDE: vidinis kontiiras apima 39.3% KDE integralo aplink maksimuma
(1o sritis), o iSorinis — 86.5% (20 sritis). Segmentais nuspalvintos kreivés rodo
SPHGAL + KETJU evoliucinius trekus (Lahén et al|[2025); spalvos atitinka amZiaus
intervalus: <10 Myr (raudona), 10-30 Myr (Zalia), 30—100 Myr (Zydra) ir >100 Myr
(violetingé). Visose panelése jtraukti tik IT > 1 kriterijuy atitinkantys spieciai.

Detalesné masés—spindulio sarysio analize pateikta[6.6 pav] Pasiskirstymas para-
metry erdvéje aproksimuojamas kovariacijos elipse, o sarySio laipsnio rodiklj api-
bréziame per Sios elipsés didziosios aSies polinkio kampa. Jaunesniems spieCiams
(10-100 Myr, [6.6 pav.h) gauname silpna sarysi Rso o« M*16*004  tagiau laipsnio rodik-
lio paklaida santykinai didele ir §is jvertis néra pakankamai apibréZtas dél IT atrankos
ir ankstyvos struktlrinés evoliucijos poveikio. Senesniems nei 100 Myr spieciams
gauname patikimesnj sarysj: Rsy o« M%18#001 P 100 Myr evoliucijos SPHGAL +
KETJU modeliai gerai atitinka stebima M 31 spieciy pasiskirstyma ir nustatyta masés—
spindulio sary$j. Gauta priklausomybé panasi j [Hwang & Lee| (2010) rezultata M 51
spie¢iams (0.16+0.02), bet silpnesné nei kitose artimose galaktikose (Rsy oc M%-23-0-33;
Ryon et al 2015}, [Krumholz et al 2019} [Cuevas-Otahola et al.[2021; [Brown & Gnedin|
2021). Misy nustatytas M 31 spieCiy sarySis statesnis nei teorinis
naud| (2016) pusiausvyros sarysis (Rsg o« M!/?), taciau reik§mingai silpnesnis nei kiti
teoriniai sarySiai: Rsy o« M!'/2 (Choksi & Kruijssen/[2021), Rsy o« M!/3
ar Rsy o« M4 (Grudi¢ et al.|[2023a). Svarbu paminéti, jog nustatytas M 31
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6.6 pav. Zvaigzdziy spieiu masés—spindulio sary3iai. a) paneléje parodyti 10—
100 Myr amziaus M 31 spieciai, o b) panel¢je — senesni nei 100 Myr M 31 spieciai.
¢) paneléje — senesni nei 100 Myr M 33 spieciai (Johnson et al|2022). d) paneléje —
senesni nei 100 Myr PT spiediai (Hunt & Reffert|[2024)); &ia jtraukti tik PT spieciai,
kurie klasifikuoti kaip ,,padrikieji spie€iai”. Imciy dydZiai (N) nurodyti legendose.
Raudonos taskinés linijos Zymi 20 kovariacijos elipses, o raudonos iStisinés linijos
— ju didZiyjy asiy polinkio kampus; legendose pateiktos Siy polinkio kampy vertés
kaip masés—spindulio sarysio laipsnio rodikliai. Pilkos linijos rodo 1000 individualiy
polinkio kampy, gauty taikant pakartotinés atrankos metoda. Palyginimui paro-
dyti pastovaus tankio Rsy o« M!/3 (Zalia punktyriné—taskiné linija) ir pusiausvyros
Rsp o« M'° (raudona punktyriné linija) sarySiai. Meélyni punktyriniai kontdrai Zy-
mi skirstinio KDE: vidinis kontiiras apima 39.3% KDE integralo aplink maksimuma
(1o sritis), o iSorinis — 86.5% (20 sritis). Segmentais nuspalvintos kreivés rodo
SPHGAL + KETJU evoliucinius trekus (Lahén et al|[2025); spalvos atitinka amZiaus
intervalus: <10 Myr (raudona), 10-30 Myr (zZalia), 30—100 Myr (Zydra) ir >100 Myr
(violetingé). Visose panelése jtraukti tik IT > 1 kriterijuy atitinkantys spieciai.

spieciy masés—spindulio sarySis nepriklauso nuo galaktocentrinio atstumo.

M 33 spieciams (¢ > 100 Myr; Zr. [6.6 pavl) gauname panasy, kiek statesnj sarysj
Rs o« MO21£0:02 6 PT jis beveik isnyksta: Rsy o« M*06=0-91 Nors del skirtingy metody,
instrumenty bei im¢iy dydZiy negalime pateikti tvirty iSvady, M 31, M 33 ir PT pa-
lyginimas rodo, kad spieciy masés—spindulio sarysis tarp Vietinés grupés galaktiky
gali reikSmingai skirtis. Kartu su placia rezultaty jvairove kitose artimose galak-
tikose, galima manyti, kad $is sarySis priklauso nuo galaktinés aplinkos. Skirtumus
gali lemti tokie veiksniai kaip tarZvaigzdinés terpés slégis, dujy tankis, metalingumas,
potvyninés jégos, turbulencija ar zZvaigZdédaros salygos. Nors M 31 diske aplinkos
itakos nerandame, platesnis skirtingy galaktiky palyginimas rodo, kad globalus galak-
tikos masto efektai gali buti svarbiis. Todél ateityje reikalingi tolimesni teoriniai
tyrimai, siekiant geriau suprasti masés—spindulio sarysio kilme jvairiose aplinkose ir
siekiant paaiskinti placia steb¢jimy jvairove.
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Isvados

Kadangi didele dalis Zvaigzdziy formuojasi spieciuose, jie gerai tinka tirti galaktiky
disky formavimasi bei evoliucija. Apertiiriné fotometrija yra vienas efektyviausiy
metoduy tiriant dideles uzgalaktiniy spieCiy imtis, apimancias placius masiy, amziy ir
aplinkos salygy intervalus. Sis metodas, pagristas stebéjimy ir teoriniy modeliy inte-
gralinés fotometrijos palyginimu, placiai naudojamas uzgalaktiniy Zvaigzdziy spieciy
fiziniams parametrams nustatyti. Vis délto, praktinés metodo ribos, kurias daugiausia
lemia spieciy stochastiniai ir dangaus fono efektai, iki §iol nebuvo pilnai atskleistos.

Siame darbe sukiiréme didelj realistisky stochastiniy Zvaigzdziy spieciy modeliy
banka ir atlikome ju sintetinius stebé¢jimus. Visas tyrimas buvo atliekamas imituojant
realias M 31 Panchromatic Hubble Andromeda Treasury (PHAT) apZvalgos salygas
(Dalcanton et al.|[2012; [Johnson et al.| 2012} 2015). Mes iStyréme apertiirinés fo-
tometrijos metodo taikymo ribotumus spieciy galaktiky diskuose tyrimui. ISnagrine-
jome idealizuotas salygas (neatsiZvelgiant | dangaus fono problematika) siekdami nus-
tatyti didZiausia imanomai pasiekiama tiksluma, kurj lemia maZos masés (<10* Mg)
spieiy stochastiné prigimtis.

Parodéme, kad spieciai, turintys pagrinding seka palikusiy (PMS) ZvaigzdZiy, pasi-
Zymi gerokai didesne integraliniy fotometriniy parametry sklaida nei spieciai be tokiy
Zvaigzdziy. Taip pat nustatéme, kad adaptyvios apertlirinés fotometrijos metodas
(Naujalis et al.|[2021} [Kriscitnas et al.|2023) nesukuria sistematiniy spalvos rodikliy
gradienty ir efektyviai sumaZina rySkiy lauko ZvaigZdZiy bei evoliucionavusiy spie-
¢iaus nariy sukeliama fotometring tarSa, o tai sudaro salygas tikslesniems fotometri-
niams matavimams. Nustatéme, kad $is matavimo metodas tinka maZos masés spieciy
tyrimams artimose galaktikose (<5 Mpc), jei apertiiros atidZiai parenkamos individu-
aliai kiekvienam spieciui.

Parodéme, kad labai jauny Zvaigzdziy spieciy fizinius parametrus sunku patikimai
nustatyti naudojant vien apertiiring fotometrija, todél iSskiriamiems ar pusiau i$skiri-
amiems ] ZvaigZzdes jaunesniems nei ~40 Myr spieCiams papildomai reikia naudoti
ir CMD analizés metoda (pvz. Johnson et al.|[2016} Ceponis et al.|2024). Tiksliausi
spieciy parametrai gaunami kartu derinant abu metodus.

Tipiniy maZos mases spieciy stebéjimo krypties atsitiktinumas vidutiniSkai sukelia
iki ~0.05 mag spalvos rodikliy neapibréZtumus, o individualiais atvejais net ~0.1 mag.
Struktiriniy parametry atveju sklaida dél §io efekto gali siekti ~20%. Taciau Sie efek-
tai paprastai yra maziau reik§mingi uz zvaigzdZiy masiy ir erdvinio pasiskirstymo
stochastiSkumo sukeliama poveikj.

Patalpindami stochastinius spiec¢iy modelius j tikrus PHAT fono laukus, iStyréme
dangaus fono jtaka aperttrinés fotometrijos tikslumui. Parodéme, kad tipin¢je M 31
disko aplinkoje patikimus amZiaus, masés ir ekstinkcijos jvercius (esant Zinomam

160



metalingumui) galima nustatyti spieciams, kuriy M > 1600 M, ties 1 Gyr ir M 2
500 M, ties 100 Myr. Tuo tarpu, spie¢iams 500 < M < 1600 M, ties 1Gyr ir
200 s M < 500 Mg, ties 100 Myr aperttirinés fotometrijos metodu galima nustatyti
tik apytikslius amZiaus ir mases jvercius.

Taip pat parodéme, kad matavimai su apertiiromis, mazesnémis uZ puses $viesio
spindulj Rsg, yra labai jautriis stochastiniams ir fono efektams, jy reikéty nenaudoti.
Charakteringo dydzio spieciy spalvos rodikliy matavimui optimalds aperttiry spindu-
liai yra ~(1-2)XRs.

Mausy analize atskleide, kad katalogy pilnumo ribos ir selekcijos efektai priklauso
nuo vietinés aplinkos galaktikos diske. M 31 disko atveju, ties 1 Gyr amZiumi spieciy
masés funkcija galima patikimai atkurti iki ~500 Mg, retose iSorinio disko srityse, iki
~1500 M, Zvaigzdédaros regionuose ir tik iki ~3000 Mg tankioje centringje disko
dalyje. Tai rodo, kad aplinkos nulemtas katalogo pilnumo variacijas bitina atidZiai
ivertinti tiriant disko spieciy populiacijas.

Tirdami ZvaigzdZiy spieciy struktiiring evoliucija M 31 diske, parodéme, kad grav-
itaciSkai suriSti spieciai per pirmuosius ~30 Myr sparCiai pleciasi: jyu Rsy padidéja
daugiau nei du kartus — nuo ~0.6 pc iki ~1.6 pc. Manome, kad jy ankstyva evoliucija
daugiausia lemia vidiniai procesai — ZvaigzdZziy evoliucija ir spieciaus ZvaigZdziy tar-
pusavio dinamine saveika. Tai gerai sutampa su Pauks¢iy Tako jauny spieciy tyrimo
rezultatais (Della Croce et al.|2024), kur pagal Gaia kinematika taip pat nustatytas
spartus plétimasis per panasy ~30 Myr laikotarpj.

Taip pat iStyréme M 31 disko spieCiy masés—spindulio sarysj. Parodéme, kad
senesni nei 100 Myr spieciai pasizymi silpnu, bet aiskiu sary$iu — Rsy oc M018+0.01
Nustatéme, kad Sis sarySis neturi reikSmingos radialinés priklausomybeés galaktikos
diske.

Apibendrinant, darbo rezultatai suteiké daug naujy Ziniy apie praktines apertiirinés
fotometrijos tikslumo ir pritaikomumo ribas uzgalaktiniy Zvaigzdziy spieciy tyrimui.
Masy rezultatai bus naudingi planuojant biisimas dangaus apZvalgas, interpretuojant
archyvinius duomenis ir kuriant naujus spieciy aptikimo bei matavimo metodus. Misy
M 31 disko spieciy analizeé rodo, kad tinkamai jvertinus stochastinius ir fono efektus,
apertlriné fotometrija yra patikimas bei efektyvus metodas, jigalinantis sekmingai tirti
Zvaigzdziy spie€iy populiacijas ir ju galaktiky disky evoliucija.
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