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List of abbreviations

AC - aperture correction

ACS — Advanced Camera for Surveys

arcmin, arcsec — minute of arc, second of arc

CFE - cluster formation efficiency

CFR - cluster formation rate

CMD - colour-magnitude diagram

CMF - cluster mass function

CR - cosmic ray

GC - globular cluster

GMC - giant molecular cloud

HLA - Hubble Legacy Archive

HST — Hubble Space Telescope

IMF - initial mass function

IR - infrared

MIPS — Multi-Band Imaging Photometer for Spitzer
MS — main sequence

MW - Milky Way galaxy

Myr, Gyr — megayear (a million years), gigayear (a billion years)
OLR - outer Lindblad resonance

p¢, kpe — parsec, kiloparsec

PDF - probability distribution function

PHAT - Panchromatic Hubble Andromeda Treasury
PHAST - Panchromatic Hubble Andromeda Southern Treasury
PMS - post main-sequence stars

RGB - red-giant branch

SFR - star formation rate

SLUG - the Stochastically Lighting Up Galaxies
SSP - single stellar population

S/N — signal-to-noise ratio

TCD - two-colour diagram

UV — ultraviolet
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Introduction

Motivation

Most stars form in star clusters, which are gravitationally bound groups of stars within
a closed tidal surface (i.e., the boundary where cluster’s gravity is insufficient to retain
its stars, allowing them to escape due to external forces), as long as the volume is not
dominated by dark matter and contains at least 12 stars (Trumpler 1930; Krause et al.
2020). The first condition separates star clusters from galaxies, the second one from
multiple star systems. Therefore, star clusters are widely used in order to understand
evolution and formation of the galaxies. Detailed star clusters surveys in the Milky
Way (MW) are restricted due to limited volume and interstellar extinction within the
Galactic plane, resulting in star cluster samples that are complete only within a small
region (radius of ~2 kpc, Kharchenko et al. 2013) around the Sun. This limits the
variety of objects and galactic environments explored within the MW. To overcome
the limitations of incomplete Galactic samples, cluster studies have been extended to
other galaxies. A prime target for star cluster studies is Andromeda (M 31), the clos-
est disc galaxy to the Milky Way. Andromeda’s proximity allows for the resolution
of individual bright stars within clusters and the reliable detection of clusters with
luminosities as faint as <10* Ly (Johnson et al. 2012). Additionally, M 31 provides
access to a diverse range of environments across the extent of star-forming disc. Ob-
servations of spiral arms and star forming regions allow us to determine causes and
consequences of star formation processes and their impact on the evolution of stel-
lar population across the galaxy. Star clusters are suitable to solve this problem, as
they represent single stellar populations with roughly the same age and metallicity.
Also, their properties can be modelled at various evolutionary stages, offering a robust
framework for comparison with observational data.

Numerous star cluster observations in M 31 were made by Hubble Space Tele-
scope (HST). However, most research concentrates on studying massive globular clus-
ters (GCs), which are in M 31 halo (Barmby et al. 2002, 2007; Caldwell et al. 2009).
Detailed studies of star clusters in the disc started with the advent of Panchromatic
Hubble Andromeda Treasury (PHAT, Dalcanton et al. 2012) survey, which covers a
significant portion of the galaxy’s disc in the north-east region, by including dense
regions in M 31 centre to the galaxy outskirts. PHAT observations provide the high-
est quality data for studying star cluster physical parameters — age, mass, metallicity,
and interstellar extinction. However, we still encounter age-extinction degeneracies,
where a young cluster with extinction could exhibit similar colours to an older object
without extinction (de Meulenaer et al. 2013, 2014).

In this thesis, we focus on M 31 disc star clusters. Since the accuracy of physi-



cal parameter determination correlates with observational quality, our first step is to
improve the observational results. Integral photometry (Johnson et al. 2012, 2015) to
the observed star clusters was applied for PHAT survey data, but bright field stars pro-
jected onto the cluster aperture can distort the true cluster colours, significantly affect-
ing the derived physical parameters, which are highly sensitive to colour variations.
Beerman et al. (2012) demonstrated that star cluster parameters can be determined
with better accuracy when bright, evolved stars are excluded. Thus, in order to get ac-
curate cluster colours, we used adaptive aperture photometry method (Naujalis et al.
2021). This method employs two apertures: a total aperture to measure total cluster
flux, and a colour aperture, which measures only central parts of the cluster by exclud-
ing bright field stars. This two-aperture approach helps to mitigate contamination and
provides more accurate cluster colour measurements. Then, using PHAT survey pho-
tometry catalogues (Naujalis et al. 2021; Kris¢itinas et al. 2023), we derived physical
parameters — age, mass, and extinction, by using a large grid of stochastic models, and
analysed the properties of star clusters within the disc of the M 31 galaxy.
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The objective of the thesis

Study the young star cluster population in the Andromeda galaxy (M 31).

The main tasks of the thesis

o Perform multicolour aperture photometry of the star clusters in M 31.

o Determine the M 31 star cluster parameters: age, mass, and interstellar extinc-
tion.

o Investigate the properties of star cluster population in the M 31 galaxy disc.

Results and statements to be defended

1. The six-colour aperture photometry of 1477 star clusters in the M 31 galaxy.

2. The parameters of 1922 star clusters in M 31: age, mass, and interstellar extinc-
tion.

3. The last major episode of star cluster formation in the present day north-eastern
part of the M 31 disc occurred ~(200 + 50) Myr ago.

4. The star cluster formation in the M 31 16 kpc ring became prominent only
recently (<40 Myr).

5. The mass function of the M 31 star clusters is well represented by the truncated
Schechter-type function with a characteristic mass M¢ = (13.3f;:2) -10° M.

Publications included in the thesis

.....
.....

vvvvv

2025, A&A, submitted for publication

Presentations at conferences

.....

Readings 2021, Vilnius, 2021. (poster presentation)

11



tion)

dromedos galaktikos ZvaigzdZziy spieciy sistema, 45-oji Lietuvos Nacionaliné
Fizikos Konferencija, Vilnius, 2023. (poster presentation)

clusters in the disc of Andromeda, MODEST-24: Exploring Dense Stellar Sys-
tems Across Cosmic Time, Warsaw, 2024. (poster presentation)

.....

clusters and spiral arms of the M31 galaxy, Open Readings 2024, Vilnius, 2024.
(oral presentation)

.....

Clusters in the Disc of Andromeda, Bridging scales: star clusters and their host
galaxies from the local to the high-z Universe, Matera, 2025. (poster presenta-
tion)

Summer schools

1. IMPRS Summer School Stellar Ecosystems 2021, Heidelberg, Germany, 2021
(online school)

2. COST NanoSpace James Webb Space Telescope (JWST) Training School, San
Cristobal de La Laguna, Spain, 2023

3. IMPRS Summer School Unravelling Galaxy Evolution with JWST 2023, Hei-
delberg, Germany, 2023

Contribution of the author

The author determined cluster centre coordinates, aperture sizes, sky background lev-
els, and performed frame cleaning for defects. The author together with co-authors de-
termined star cluster physical parameters (age, mass, and extinction), analysed prop-
erties of the star cluster population in M 31, and prepared the catalogues of aperture
photometry and cluster parameters.
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Chapter 1

Andromeda (M 31) galaxy

Andromeda (M 31) is the nearest spiral galaxy in the Local Group, located at a dis-
tance of ~785 kpc (at this distance, 1" = 3.8 pc; McConnachie et al. 2005; Vansevicius
et al. 2009), making it one of the premier laboratories for understanding disc galaxies
like our own. Slightly more massive than the Milky Way (Pefiarrubia et al. 2016; Ham-
mer et al. 2025), Andromeda has significantly different evolutionary history, shaped
by multiple major mergers with smaller galaxies over the past 4 Gyr (Williams et al.
2015; Hammer et al. 2018). These interactions likely played a key role in shaping
Andromeda’s structure and star formation activity, including the formation of mas-
sive middle-aged star clusters, which are absent in the Milky Way (Vansevicius et al.
2009). Also, intergalactic mergers are known to trigger intense bursts of star forma-
tion, contributing to the formation of large star clusters (Di Matteo et al. 2007) and
prominent star-forming rings. Unfortunately, the high inclination angle (~77.5°, van
der Marel et al. 2019) makes it difficult to determine the large-scale structure of M 31,
and there is no clear consensus regarding the organization of spiral structure in this
important galaxy (see Table 1.1 for M 31 parameters). One of the key structures of
M 31 galaxy is the well-known 10 kpc star-forming ring, which has been observed in
previous studies (Gordon et al. 2006; Kang et al. 2012; Lewis et al. 2015; De Somma
et al. 2025). Additionally, the presence of a second, inner dust ring with an offset of
~0.5 kpc from the galaxy’s nucleus, has also been identified (Block et al. 2006). The
presence of two off-centre circular rings suggests that the disc of M 31 has been dis-
torted by a very recent passage of its satellite galaxy through the disc (i.e., a head-on
collision with the satellite galaxy about a few tens or hundred Myrs ago, Gordon et al.
2006; Block et al. 2006; Dierickx et al. 2014), supporting the hypothesis of multiple
mergers. Such a recent event may have enhanced the efficiency of star formation in
the disc of M 31 galaxy (Yin et al. 2009).

Star cluster systems in M 31 are fundamental probes of galaxy evolution and as-
sembly, in the sense that significant star cluster formation is typically produced by
major star-forming episodes in the galaxy (Larsen & Richtler 2000; Brodie & Strader
2006). Star clusters are commonly classified into two main types: massive glob-
ular clusters and younger open star clusters (hereinafter disc star cluster). In con-
trast, groups of stars that are not gravitationally bound are called stellar associations
(Blaauw 1964; Gieles & Portegies Zwart 2011; Adamo et al. 2020). Globular clus-
ters are generally old (>1 Gyr), massive (>10* M), and trace the halo and formation
histories of galaxies (Kruijssen et al. 2019). Disc star clusters are generally young
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(<1 Gyr), have low mass (<10° M), and trace the quantity and characteristics of
on-going recent star formation. Historically, the distinction between the two cluster
types closely aligns with a fundamental difference in photometric and chemical abun-
dance patterns. Disc clusters are mostly single population clusters with a single main
sequence in the colour-magnitude diagram (CMD). In comparison, nearly all glob-
ular clusters have multiple main sequences and significant star-to-star variations in
light element abundances, i.e., multiple stellar populations. Therefore, a more prac-
tical classification of star clusters is based on their stellar populations, distinguishing
between single-population and multiple-population clusters (Carretta et al. 2010; Bas-
tian & Lardo 2018). Moreover, this classification into two types has also historically
persisted because such distinction is clearly seen in the MW. However, recent stud-
ies have shown that this clear separation does not necessarily hold in other galaxies,
where massive and young clusters have been observed, including in M 31.

Table 1.1. Parameters of the M 31 galaxy.

Parameter Value Reference
Hubble type SA(s)b Jarrett et al. (2003)

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

PA. 37.7° Chemin et al. (2009)
Incl. 77.5° van der Marel et al. (2019)
Distance 785 + 25 kpc McConnachie et al. (2005)
(m— M)y 24.47 + 0.07 mag McConnachie et al. (2005)
EB-YV) 0.06 mag McConnachie et al. (2005)

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

Dynamical mass 45-10" M, Hammer et al. (2025)

@(J2000) and 6(J2000) — equatorial coordinates of the galaxy centre; P.A. — position angle of
the major axis; Incl. — inclination angle; (m — M), — distance modulus; E(B — V) — interstellar
extinction along the line of sight; V,,, — rotational velocity at a distance of 10 kpc from the
centre of M 31.

In the past two decades most studies of M 31 galaxy concentrated on globular
clusters (Racine 1980; Barmby et al. 2000, 2002; Puzia et al. 2005), as they are rel-
atively bright, composed of stars that are strongly concentrated toward the centre,
and mostly distributed in the galaxy’s halo, away from the dense disc, which makes
them easier to detect. The high luminosity of GCs allows for the use of spectroscopy
to determine their age and chemical composition. More than 400 GCs are known
in M 31 (Caldwell & Romanowsky 2016), which is about three times more than in
MW. Beasley et al. (2004); Puzia et al. (2005); Caldwell et al. (2009, 2011) demon-
strated that M 31 contains not only old (~10 Gyr) but also intermediate (~7 Gyr) and
young (~1 Gyr) high-mass (10* M) clusters that have strong concentration toward
the centre, resembling GCs of the Milky Way. Their metallicities in M 31 range from
[Z/H] = -2.0 (100 times lower than the Sun’s metallicity) to solar metallicity, with the
youngest GCs having the highest metallicities. Thus, the GC system in M 31 consists
of two subpopulations: one is a metal-rich and spatially concentrated, while the other
is metal-poor and spatially extended (Kang et al. 2012).

14



1.1 Star clusters in the disc of Andromeda

In this thesis, we mainly focus on star clusters located in the galactic disc. These
clusters typically form in the densest cores of giant molecular clouds (GMCs), where
accreting gas is converted into stars until feedback disperses the remaining material
(Krumholz et al. 2019). This effect is quantified as the cluster formation efficiency
(CFE), which represents the fraction of stellar mass formed in long-lived star clusters
(Adamo & Bastian 2015; Renaud 2018). CFE depends on the scale over which it is
measured and varies from a few percent in galaxies with low star formation intensity
up to ~50% in intense starburst events, such as galaxy mergers. Johnson et al. (2016)
demonstrated that the CFE in the M 31 galaxy ranges between 4-8%. This result indi-
cates that less than 10% of the initial cluster mass remains gravitationally bound after
10 Myr, a period known as the infant mortality limit (Lada & Lada 2003). This term
describes the effect that gas expulsion has on concentrations of young embedded stars.
The rapid removal of gas significantly alters the potential felt by the stars and can result
in the destruction of the cluster (Smith et al. 2013). Clusters that survive gas removal
from the system can remain in the galactic disc for several hundred million years or
even longer. Nevertheless, when star clusters form, they continue to lose part of their
mass. In the first ~100 Myr after gas removal, clusters disperse through a combination
of mass loss and tidal shocks by dense molecular structures in the star-forming envi-
ronment. Mass loss could be caused due to stellar evolution and relaxation (Gieles
etal. 2011). At young ages (<40 Myr), stellar populations eject ~20% of their mass in
supernovae, releasing high-speed gas that almost certainly escapes the parent cluster.
After 40 Myr, mass loss is dominated by asymptotic giant branch stars, which shed
their envelopes through slow stellar winds (Krumholz et al. 2019). After ~100 Myr,
clusters lose their mass via two-body relaxation and tidal interactions with massive
objects such as GMCs (Spitzer 1958; Gieles et al. 2006; Binney & Tremaine 2008),
processes that preferentially affect low-mass clusters.

1.1.1 Overview of previous surveys

The first mention of an "open star cluster” in M 31 appears in Hubble’s pioneering pa-
per that provided his evidence that M 31 is an extragalactic object (Hubble 1929). He
suggested that a group of stars catalogued as NGC 206, located in the south-western
region of M 31, had similar properties to an open clusters in our galaxy. However, it
is now understood that while NGC 206 contains bright, young stars typical of open
clusters, its extensive size (over 1200 pc) aligns more closely with very large stellar
associations (van den Bergh 1964). Later, Hodge (1979) conducted a survey for disc
clusters using the Kitt Peak National Observatory 4-m telescope, covering the entire
M 31 disc. The survey resulted in the catalogue of 403 candidate disc star clusters,
which were primarily young objects, as they were resolved on the photographic plates.
However, analysis of HST images revealed that the sample was contaminated, includ-
ing objects such as small OB associations and asterisms (Williams & Hodge 2001a).
An asterism is a pattern of stars that appear grouped together in the sky but are not
necessarily gravitationally bound, unlike true star clusters. A later study by Hodge
et al. (1987), using three-colour charge-coupled device photometry of a selection of
the catalogued clusters, confirmed that these clusters are very young. More recently,
Williams & Hodge (2001b) used HST WFPC2 images to obtain CMDs for four young
populous clusters, often referred to as "blue globular” clusters. Their analysis revealed
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these clusters have ages between 60 and 150 Myr, distinguishing them from traditional
GCs in the Milky Way, which are significantly older. This result differs from earlier
studies (e.g., VeteSnik 1962; van den Bergh 1967), which classified these clusters as
globular based on their colour measurements.

In the past two decades, large catalogues of star clusters in M 31 have been pub-
lished (e.g., Barmby et al. 2000; Galleti et al. 2004; Kim et al. 2007; Caldwell et al.
2009, 2011). Barmby et al. (2000) presented UBVRI and JHK photometry of 435
clusters and cluster candidates. However, only for 268 objects optical photometry
in four or more bands is available, and 224 have infrared photometry. Galleti et al.
(2004) identified 693 known and candidate globular clusters in M 31 using the 2 Mi-
cron All Sky Survey database, and presented the Revised Bologna Catalogue. Kim
et al. (2007) carried out wide field observations and found 113 new star clusters and
258 probable objects that could be classified as star clusters. Caldwell et al. (2009)
published a new catalogue of 670 likely star clusters, with accurate coordinates from
the Local Group Galaxy Survey and the Digitized Sky Survey data. Despite these
efforts, creating a complete, deep, and homogeneous catalogue of disc star clusters in
M 31 proved to be challenging. Detecting relatively faint star clusters, which project
onto the bright disc structure or the bulge, was difficult. As a result, most of the star
cluster research concentrated on GCs, since they are massive and bright, making them
easier to observe in the M 31 halo. More detailed disc star cluster surveys started
with the advent of HST (Williams & Hodge 2001b,a). However, cluster samples were
not big enough (Barmby et al. 2009; Perina et al. 2010) or homogeneous (Krienke &
Hodge 2007a, 2008; Hodge et al. 2009) in order to make conclusions about M 31 disc
evolution or formation. The first homogeneous star cluster survey was conducted in
the south-western part of M 31 (Kodaira et al. 2004; Narbutis et al. 2008; Vansevicius
et al. 2009). Using Subaru flagship telescope 238 star clusters were identified in the
disc of M 31 galaxy. A few years later, the PHAT survey (Dalcanton et al. 2012) fol-
lowed and expanded disc star cluster sample by ~10 times in the north-eastern part of
M 31. Recently, the Panchromatic Hubble Andromeda Southern Treasury (PHAST)
survey (Chen et al. 2025), contiguous to PHAT, was performed down to the southern
half of M 31, further expanding star cluster studies. Therefore, the biggest challenge
in studying cluster formation and evolution lies in the complexity of observations and
measurements, as well as the limited sample sizes, which often include only high-mass
clusters (Krumholz et al. 2019).

1.1.2 Observation methods

In order to study star cluster evolution, it is crucial to determine their physical pa-
rameters. They can be calculated using two main methodologies: spectroscopy and
photometry. With spectroscopy we compare observed spectra with models or other
known spectra, often focusing on spectral line indices — quantitative measurements of
the strength of specific absorption features — which are sensitive to variations in stellar
population age and metallicity (Vazdekis et al. 2010). The advantage of spectroscopy
lies in its ability to target specific spectral regions that provide the most detailed in-
formation. However, in order to perform spectroscopic observations we need bright
objects with high signal-to-noise ratio (S/N). Also, dense stellar regions pose a chal-
lenge as background and foreground stars could affect our results.

In contrast, photometry is used to estimate the age, mass and extinction of a cluster
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by comparing the observed cluster luminosity and colours to single stellar population
(SSP) models (where all stars have the same age and metallicity within some small
tolerance) or stochastic models. By using traditional SSP models, an implicit assump-
tion is made that the initial mass function (IMF) of stars within the cluster is fully
sampled. However, this is only strictly valid for the most massive clusters >10° Mg,
For lower mass objects, stochastic sampling of the IMF can give inaccurate estimates
of age, mass, and extinction (Daugevicius et al. 2024). Thus, for disc cluster param-
eter derivation it is more convenient to use stochastic models, which account for star
stochasticity. Furthermore, photometry also has the advantage of collecting more light
from the object, allowing the study of dimmer and more distant clusters compared to
spectroscopy. The images obtained during photometric observations are used to iden-
tify star clusters and analyse their structure. In order to improve results, we have
to examine star clusters across different passbands, from ultraviolet (UV) to infrared
(IR) wavelengths. However, interstellar extinction can significantly affect the results,
as shorter UV wavelengths are absorbed or scattered by dust and gas particles.

1.1.3 Derivation of cluster parameters: overview of the methods

Star cluster parameters can be derived using various methods and algorithms. The
most accurate approaches involve constructing colour-magnitude diagrams for clus-
ters based on photometric measurements of individual stars and then comparing them
with synthetic CMDs generated from stellar population models or fitting theoretical
isochrones directly to the observed CMDs (Johnson et al. 2016; Wainer et al. 2022; Ce-
ponis et al. 2024). However, those methods rely on resolving individual upper main-
sequence (MS) stars and on detecting stars below the MS turn-off point with sufficient
accuracy. As a result, accurate and robust parameter estimates can be achieved only
for nearby, young star clusters, significantly limiting the number of objects that can
be studied using CMDs. Wainer et al. (2022) demonstrated that parameter estimates
using CMDs are good up to 300 Myr and for clusters more massive than 1000 M.
Integral cluster spectroscopy methods (Caldwell et al. 2009, 2011; Caldwell & Ro-
manowsky 2016) are also suitable for deriving accurate cluster parameter; however,
only relatively massive clusters in M 31 can be studied with this approach.

Other group of methods fit stochastic theoretical stellar population models to the
observed integrated cluster magnitudes and colour indices (Deveikis et al. 2008; Foues-
neau & Lancon 2010; de Meulenaer et al. 2013; Fouesneau et al. 2014; Krumholz et al.
2015). These techniques enable the study of lower-mass, older, and more distant star
clusters, significantly expanding the number of objects that can be investigated. Also,
the study of unresolved star clusters could be mimicked using ground based observa-
tions of M 31 clusters (Kodaira et al. 2004; Narbutis et al. 2008; Bridzius et al. 2008).
This approach enables the study of star formation histories in galactic disc across a
broader range of star cluster masses and over extended timescales. However, the ac-
curacy of derived star cluster parameters using such methods is highly sensitive to
uncertainties in aperture photometry (Narbutis et al. 2007) and the proper accounting
for projected background and foreground stars (hereinafter referred to as field stars),
as well as the brightest evolved cluster members (Beerman et al. 2012; Daugevicius
et al. 2024). This is especially critical for low-mass clusters (<3000 M), where in-
tegrated photometry methods are highly sensitive to stochastic effects, particularly
the random sampling of the stellar initial mass function (Fouesneau & Langon 2010;
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Beerman et al. 2012; de Meulenaer et al. 2013, 2017).

For low-mass clusters (<10* M), photometric variability is driven by stars that
have left the MS and already are in transient late-evolutionary phases. These phases
are sparsely populated, leading to significant fluctuations in the observed brightness
and colour of the cluster. Beerman et al. (2012) studied the effect of bright post main-
sequence stars (PMS) on the accuracy of star cluster parameters derived using the in-
tegrated photometry method. They showed that excluding these bright, resolved PMS
members from aperture photometry, and focusing on the unresolved light component,
improves the precision of age and mass estimates. Additionally, de Meulenaer et al.
(2017) highlighted that the presence of bright field stars significantly affects the accu-
racy of cluster parameter derivation. It was shown that in cases when bright field stars
(that are mostly red) reside within the aperture used for the photometry of star cluster,
strong age-extinction degeneracies are introduced. Therefore, in order to tackle these
problems arising due to bright field stars, we use adaptive aperture photometry method
presented in Chapter 3.
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Chapter 2

Observational data

2.1 PHAT survey

The recent progress in understanding star clusters in galaxies outside our own has
been driven by the comprehensive Panchromatic Hubble Andromeda Treasury Pro-
gram (PHAT; Dalcanton et al. 2012), the Panchromatic Hubble Andromeda Treasury:
Triangulum Extended Region (PHATTER; Williams et al. 2021), and the Panchro-
matic Hubble Andromeda Southern Treasury (PHAST; Chen et al. 2025) surveys,
performed with the Hubble Space Telescope. Stellar and cluster populations of M 31
galaxy disc is well-represented by published photometry results for a large sample
(2753 objects, Johnson et al. 2015) of star clusters that reside in diverse environments:
from extremely crowded central parts of the galaxy to rather sparse outskirts.

Our research is based on the HST PHAT survey data obtained from the Hubble
Legacy Archive (HLA)!. We used the so-called "Level 2" products that have been
processed by the automated HLA pipeline (with bias and dark frames subtracted, flat
fielding applied, and all available exposures combined). PHAT observations are seg-
mented into 23 sub-areas known as "bricks" (Fig.2.1), with numbering increasing
from the galaxy centre outwards. Each brick is composed of 18 different frames taken
by HST, arranged in a rectangular grid of 6 by 3, covering approximately a 12" X 6.5’
portion of the sky. Star cluster dataset is made of six passbands from three different
HST channels: the F475W and F814W passbands are from the Advanced Camera
for Surveys (ACS/WFC); the F275W, F336W and F110W, F160W passbands are
from the Wide Field Camera 3 UVIS (WFC3/UVIS) and Wide Field Camera 3 IR
(WFC3/IR) channels, respectively. Various passbands have different number of expo-
sures: the F475W frames are combined from five exposures, the F814W and F160W
frames — from four exposures, the F275W and F336W frames — from two exposures,
and the F110W frame is produced from a single exposure. The resulting total ex-
posure times are 1935 s in F275W, 2600 s in F336W, 3620 s in F475W, 3235 s in
F814W, 1498 s in F110W, and 3292 s in F160W (Dalcanton et al. 2012). The spatial
alignment of the images was carried out by Naujalis et al. (2021).

Thttps://hla.stsci.edu
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Figure 2.1. Multi-Band Imaging Photometer for Spitzer (Spitzer/MIPS) 70 yum M 31
map. Black contours show 23 bricks from PHAT survey. North is up, east is left.

2.2 Cluster sample

In the M 31 PHAT fundamental star cluster catalogue published by Johnson et al.
(2015) there are 2753 objects. Using PHAT survey data Naujalis et al. (2021) mea-
sured 1181 star clusters by applying the adaptive aperture method; therefore, our aim
was to analyse the remaining objects (N = 1572) in order to have a comprehensive
catalogue, where adaptive aperture photometry method is applied. We visually in-
spected each object using colour images constructed from the following passbands:
F2T5W+F336W+F475W; F336W+FA4T5W+F814W; FATSW+F110W+F160W;

and looking into individual grey-scale frames (Fig.2.2). The selected passband com-
binations were chosen to maximize sensitivity to various stellar populations. The com-
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F275W © " F336W

Figure 2.2. Images of the cluster APO018 in colour panels (top), produced by combin-
ing three passbands, and grey-scale panels (bottom), produced from individual pass-
band frames (the passbands are labelled inside the panels). Blue, green, and red circles
mark Johnson et al. (2015), T, and C apertures, respectively. The size of each panel
is 10” x 10”. An insert at the top-right corner indicates the location of the cluster in
M 31. North is up, and east is to the left.

bination of F275W, F336W, and F475W is sensitive to young stars, including those
on the MS, which are crucial for identifying young star clusters. In addition, this com-
bination helps to distinguish cosmic ray (CR) artefacts. The F336W, F475W, and
F814W combination targets stars in both blue and red regions of the spectrum, mak-
ing it effective for identifying intermediate-age clusters and their stellar populations.
Finally, the F475W, F110W, and F160W combination helps to distinguish bright
field stars from cluster members, with the F475W passband assisting in identifying
the cluster centre by resolving regions of higher stellar density.

We discarded from further analysis 90 objects, which have frames only in the
F475W and the F814W passbands. The objects AP1848 and AP2446 were abandoned
since they are contaminated by background galaxies. The objects AP1588, AP1661,
and AP2687 were also omitted, as they resemble reflections of bright stars or emission
nebulae. The frames of the objects AP3630, AP4034, and AP4132 have irreparable
empty pixel defects in the F475W passband; therefore, we discarded them. More-
over, three clusters — AP0239, AP1782, and AP3306 — seem to be double objects
(see Fig. Al in the Appendix); therefore, we separated them into two parts. In the
published catalogues the second components are marked: AP60239, AP61782, and
AP63306 respectively. We use the names of clusters in the format that they are intro-
duced in Johnson et al. (2015). Then we examined all possible frames in the F275W,
F336W and F110W, F160W passbands, where we selected frames with the highest
S/N ratio and the lowest number of CR artefacts. For 11 objects the F110W, F160W
passband frames were changed, because they had no available signal; for 64 objects
we changed the F275W, F336W passband frames, since new ones have better S/N
ratio or less CR artefacts.
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Figure 2.3. Images of the cluster APOO60 made from a combination of
F2ISW+F336W+F475W passbands. Left: the uncleaned F275W and F336W pass-
bands are shown with a significant number of cosmic ray artefacts (bright green and
blue objects). Right: the same image after artefact removal.

2.2.1 Cleaning of defects

The frames of the F275W and F336W passbands contain larger numbers of CR arte-
facts since they are composed only from two exposures available, which makes it
difficult to reliably clean them in an automated way. Cosmic rays are high-energy par-
ticles that transfer energy to detector pixels upon impact, creating signals that mimic
external light sources. Thus, CR artefacts can appear similar to stellar objects. In
order to remove CRs, we used the imedit task from IRAF? software (Tody 1986).
This function replaces image pixels affected by CR defects with interpolated values
from the nearest background column or row. As a result, imedit enabled us to care-
fully remove defects manually, that fall inside or close to object apertures defined in
Johnson et al. (2015). There are some clusters residing within the gap between two
WEFC3/UVIS sensors. Within these gaps, there is a significantly larger number of
CRs and higher noise due to only a single exposure being available at that location.
Therefore, UV measurements were discarded where the gap area overlaps with star
clusters. In the composite F275W+F336W+F475W image (Fig.2.3), CRs appear as
green and/or blue spots that do not have counterparts in other filters. The size of these
spots can range from a few pixels to several dozen. It is worth noting that in some
cases, CRs can overlap with stars, making them difficult to remove. Fortunately, these
instances can be identified in the growth curves and the passbands used for photome-
try can be excluded. An example of CR artefact removal is shown in Fig. 2.3, where
on the left side the cluster is covered by a large amount of CRs, while on the right side,
CRs have been cleaned in the vicinity of cluster’s aperture. Even though the obvious
artefacts were removed during visual inspection, in some cases, unrecognized CRs
could remain.

In some frames, pixels with zero values were present. This is an important issue,
especially for the F110W passband, in which there is only one exposure available for

2https://iraf-community.github.io
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each field. We assigned an interpolated value for these pixels — an average out of eight
surrounding non-zero-valued pixels. However, in cases when at least one uncorrected
pixel inside the aperture remained after this procedure, we abandoned measurements
in this passband.

In the final sample, we measured 1477 star clusters. In Fig.2.4, locations of the
objects analysed in this work are compared to the distribution of the 1181 clusters
from Naujalis et al. (2021). Our sample includes the central areas covered by the
PHAT survey.

Figure 2.4. Locations of star clusters overlaid on the Multi-Band Imaging Photometer
for Spitzer (Spitzer/MIPS) 70 um M 31 map: (a) 1477 clusters measured in this study;
(b) 1181 clusters presented in Naujalis et al. (2021).

2.2.2 Centre coordinates

Additionally, using DS9 software (Joye & Mandel 2003) and based on the F336W,
F475W, and F814W passband frames, we interactively adjusted the centre coordi-
nates of 1331 clusters. These passbands were selected since they are less affected by
field stars, allowing for clearer identification of star cluster centres. In the majority
of cases, coordinates were changed only slightly by a few pixels, except for stellar
associations, where we selected mostly the cluster-like parts. An example of different
centre coordinates is shown in Fig. 2.2, where the apertures defined by Johnson et al.
(2015) and those used in our study have different central positions.
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Chapter 3

Multicolour aperture
photometry

Naujalis et al. (2021) introduced an adaptive aperture photometry method to address
the challenges in deriving star cluster parameters, arising due to the effects of bright
field stars and evolved bright cluster members, which were noticed by Beerman et al.
(2012) and de Meulenaer et al. (2017), respectively. In this thesis, we follow the same
prescription for performing aperture photometry. We used circular apertures from
photutils' package. The exact measurement method was selected to account for
partial pixel coverage. For each cluster we produced the magnitude growth curves in
all six passbands in steps of 0””.01 up to two times the aperture radius of a cluster.
For clusters with smaller apertures, a minimum radius of 5" was applied to ensure
sufficient sky background coverage. Photometric zero points for the ACS camera were
taken from the ACS Zero Point Calculator?, while the ones for both WFC3 channels
are taken from the Space Telescope Science Institute (STScI) website®. The zero
points are listed in Table 3.1, which are used to convert the obtained instrumental
magnitudes into a standard system.

A set of figures, shown in Figs. 2.2 and 3.1 for guidance, were produced for each
cluster under consideration and used for the analysis. In Fig. 2.2, the green circle in-
dicates the aperture used to measure "total" (T) fluxes and magnitudes, while the red
circle shows the smaller aperture used to measure central parts of star clusters and ap-
plying an aperture correction, based on the F475W passband measurements, to other
passbands — "colour” (C) fluxes and magnitudes. By selecting C apertures, we avoid
the majority of bright field stars and ensure consistent colour indices for star clusters
in our sample. For details on the aperture selection criteria, refer to Section 3.2. We
stress that adaptive aperture photometry is reliable only for clusters without strong
colour gradients beyond the clusters’ half-light radii, which could arise due to gradual
variations in cluster stellar populations. These variations may appear due to various
factors, such as mass segregation of stars or real gradients in stellar populations within
some clusters.

1ht‘cps ://zenodo.org/records/14889440

2https ://www.stsci.edu/hst/instrumentation/acs/data-analysis/zeropoints

3https ://www.stsci.edu/hst/instrumentation/wfc3/data-analysis/
photometric-calibration
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Table 3.1. Photometric Zero Points.

F275W  F336W F475W  F814W F110W F160W
22.67 23.52 26.15 25.52 26.06 24.70

Figure 3.1 shows measured growth curves (top) and differential flux profiles (bot-
tom) in each passband. Vertical red and green lines mark Rc and Ry aperture radii,
respectively. Green horizontal lines indicate magnitudes derived from T fluxes. Neg-
ative values in the differential profile indicate that the fluxes in those areas are, on
average, lower than the subtracted sky background level. Various positive peaks show
the presence of resolved, bright stars and demonstrate the complexity of the surround-
ing sky backgrounds.

The diverse appearances of star clusters and their surrounding sky backgrounds
make it challenging to distinguish individual stars that are part of the cluster from those
that are field objects. However, in the majority of cases, by using the multi-colour
star cluster images (Fig.2.2) together with cluster profiles (Fig.3.1) we determined
optimal radii for the R¢ and Ry apertures.
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Figure 3.1. Growth curves (top, in magnitudes) and differential flux profiles (bottom,
in arbitrary units) for the cluster APO018. Vertical red and green lines show R¢ and Ry
aperture radii, respectively. The green horizontal line indicates the magnitude derived
from T fluxes.

3.1 Sky background

Sky backgrounds consist of unresolved stellar and galaxy components, as well as the
Milky Way and M 31 stars projected in the field of view. Therefore, sky backgrounds
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are unpredictable and their correct determination is the main problem when applying
star cluster aperture photometry methods in the case of disc galaxies. Sky background
areas around clusters usually contain a small number of well-resolved bright stars,
which are irregularly distributed, making it challenging to determine background lev-
els across different passbands. Also, flux measurements in various passbands are often
dominated by stars with significantly different colours (Fig.2.2). Since most bright
field stars in M 31 are red giants, they mostly impact the IR passbands, complicat-
ing cluster parameter derivation by mimicking the effects of extinction and/or older
ages (de Meulenaer et al. 2017). The influence of IR-bright field stars varies signif-
icantly with distance from the M 31 centre and especially dominates in the F110W
and F160W passbands.

Various automated methods have been proposed to determine background levels
(Barmby & Huchra 2001; Krienke & Hodge 2007b; Johnson et al. 2012). However,
their reliability is rather low in extremely dense regions such as the M 31 disc. Since
automatic methods give inconsistent background level results among various pass-
bands, we plotted growth and differential flux profiles in all passbands (Fig. 3.1) for
each cluster and derived consistent sky background levels interactively. The main
goal of the interactive procedure is to accurately determine the values of unresolved
sky background and to estimate the impact of bright resolved field stars. Differential
growth curve profiles (bottom panels in Fig. 3.1) show fluctuations caused by individ-
ual stars and were crucial in our decision-making process. We paid special attention to
accurately account for bright field stars (especially in the IR passbands), as well as ad-
dressing abundant image defects and CR artefacts that dominate in the UV passbands
(Naujalis et al. 2021).

Initially, we calculated the mean and median sky background values within ring-
shaped regions spanning from 1.2Rt to 3.4Rt, where Ry is the radius of the cluster’s
T aperture. These values were used to plot the initial iteration of star cluster growth
curves and differential flux profiles. Then the sky background levels were adjusted
interactively for each passband to flatten growth curves and bring differential flux
profiles close to zero within the sky background determination region.

By combining visual analysis of cluster images with their growth curves and dif-
ferential flux profiles, we achieved accurate and consistent sky backgrounds across all
six passbands, where estimated background levels are compatible across filters. How-
ever, this method has two major disadvantages — it is a highly time-consuming process
and it may introduce systematic errors if background has a very complex structure.

3.2 Apertures

The high density of luminous field stars increases the likelihood of them projecting
onto the cluster’s aperture. To minimize the impact of resolved field stars on aperture
photometry measurements, we used two co-centred apertures. The main criterion for
selecting radii of the T apertures is to avoid splitting into parts the bright star images
in the F336W, F475W, and F814W passbands; the main criterion for selecting radii
of the C apertures is to avoid the brightest field and evolved bright cluster members
inside of it (Fig.2.2). It is expected that C magnitudes should provide more consis-
tent cluster colour indices (less contaminated by bright stars), which are critical in
determining star cluster physical parameters from integrated photometry results (de
Meulenaer et al. 2017).
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We measured the T magnitudes by applying apertures, the radii of which for the
majority of objects (~80%) vary in the range of +0”.25 compared with the ones used
by Johnson et al. (2015). In total, we decreased the apertures of 687 clusters and
increased the apertures of 733 clusters (Fig.3.2). The radii of apertures we selected
range from ~1” (~3.8 pc) for compact star clusters to ~4"" (~15.2 pc) for globular-like
clusters and stellar associations. The magnitudes of all star clusters in our sample are
measured in at least four passbands (including F336W, F475W, and F814W).
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Figure 3.2. Differences in aperture sizes used in this study (Rt) and in Johnson et al.
(2015) (Ry). The colours of dots indicate the local point density.

The colour-consistent cluster C magnitudes in all passbands were derived by ap-
plying aperture corrections (ACs, F475Wc), which are necessary because the C
aperture is smaller compared to the T aperture, resulting in less flux being captured.
Therefore, to account for the missing flux, we used the difference between magnitudes
derived from the fluxes measured through T and C apertures for the F475W passband:
FATSWac = FAT5Wr — FAT5Wc. The FAT5W passband was chosen as a base to
calculate colour-consistent magnitudes. Observations in the F475W passband have
higher S/N ratio compared to the F336W, F814W passbands, and are less contam-
inated by the light of resolved field stars from old M 31 populations. The final C
magnitudes are F?W = F?W¢ + F475W ac, where the "?" marks the HST three-digit
passband code and F?W are the magnitudes measured through the C aperture. We
want to stress that in some complicated cases the accuracy of photometry results can
be underestimated. However, in most cases, the adaptive aperture photometry provides
colour-consistent cluster magnitudes that fit well with the models.

We use cluster APO018 (Figs. 2.2 and 3.1) as an example to demonstrate how we
selected the appropriate aperture sizes. The cluster has a dense core that appears bright
in the F336W+F475W+F814W passband combination, allowing us to distinguish it
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from the surrounding field stars. Within the cluster, a few bright IR stars dominate
the light in the F110W and F160W passbands. These stars could be evolved cluster
members or projected field stars. To assess whether a star belongs to the cluster, we
examine the background stars around the object. Since these bright stars have colours
similar to those of field stars and are also visible in the differential profiles across the
F814W, F110W, and F160W passbands (Fig.3.1), we excluded them by selecting
a smaller C aperture. The main criterion for selecting the T aperture was to avoid
splitting bright stars at the edge of the aperture. Measured T magnitudes of cluster
APO018 in all passbands are shown in Fig.3.1 by the horizontal green lines. The
green and red vertical lines represent the sizes of the T and C apertures, respectively.

3.3 Photometric uncertainties

In order to estimate photometric uncertainties, we considered two main sources that
contribute to the errors of cluster magnitudes. The first contributor of magnitude un-
certainty is sky background variation. Since the mean sky background level has al-
ready been subtracted in the HLA frames, directly determining a realistic S/N ratio is
not possible. Therefore, we estimated the amplitude of sky background variation by
fitting the Gaussian profile to the histogram of pixel values. However, the histogram is
generally asymmetric due to the presence of bright resolved stars, which do not repre-
sent the true sky background and significantly skew the distribution. The asymmetric
distribution of pixel values is shown by the grey bars in Fig. 3.3. In the initial step, we
applied a 20 clipping in order to remove outliers, resulting in the red bars used for the
first Gaussian fit. To enhance the accuracy of the fit, we then excluded all pixel values
exceeding the full width at half maximum of the initial Gaussian. The remaining val-
ues (green bars) were used for the final fit, where the sky background flux variation per
pixel was then derived as the Gaussian o, (Naujalis et al. 2021). Thus, the first part
of magnitude uncertainty in each passband, arising due to sky background variations,
was calculated as:

3.1

Osb vVAa
oy = 2.510g10(1 + bF—lp]’

where F is the integrated cluster flux inside the T or C aperture and A, is the area of
aperture in pixels.

The second part of errors could arise because of a possible aperture position bias
and different sizes of stellar images in various passbands. To estimate these effects,
we performed photometry at eight additional positions symmetrically shifted by 07.05
(one pixel in ACS/WFC) around the cluster’s centre for C magnitudes and by 0.1
(two pixels in ACS/WFC) for T magnitudes. The standard deviation (o) was calcu-
lated from these nine independent cluster measurements in each passband. The final
uncertainty (o) of the cluster photometry in each passband was calculated as:

o= ‘/a'%+0'§. (3.2)

In Figs. 3.4 and 3.5, we show estimated T and C magnitude uncertainties. Pho-
tometric errors in the UV passbands are dominated by sky background uncertainties
(01) and correlate with magnitudes, except for a few dozens of clusters which have
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a higher scattering due to a small S/N ratio or CR artefact residues. Uncertainties
in the IR passbands are more widely scattered due to the presence of irregularly dis-
tributed bright stars (0), making these measurements more sensitive to aperture size
and centre position compared to other passbands.

In Fig. 3.6, we show the differences between photometric uncertainties derived
from T and C magnitudes versus C magnitudes for each passband. The uncertain-
ties in the F475W passband remain consistent, as this filter was used as the reference
during the aperture correction process. As expected, the largest discrepancies in uncer-
tainties are observed in the F275W, F110W, and F160W passbands. The differences
in the F275W passband increase with the magnitude due to lower S/N ratios for fainter
objects. As clusters emit less intrinsic light in the UV, the impact of cosmic ray de-
fects may become more pronounced in the observed data. In contrast, the F'336W and
F814W passbands show smaller photometric uncertainty differences, benefiting from
higher S/N ratios and lower sensitivity to variations in extinction. The uncertainty
differences in the IR passbands are more dispersed due to the presence of irregularly
distributed bright stars. In some cases, C magnitudes exhibit higher uncertainty values
as a result of low S/N ratios, particularly when no bright stars are present within the
photometric aperture.
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Figure 3.3. The signal histogram of pixels in the background region of cluster APO018
(grey bars). The background region covers a ring around the cluster from 1.2Ry to
3.4Rt. Red bars represent data remaining after 20~ clipping, while the red dashed line
indicates the first Gaussian profile fitted to these values. Green bars correspond to
data remaining after removing pixel signal values greater than the full width at half
maximum of the initial Gaussian fit. The final Gaussian fit is represented by the black
solid line.
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3.4 Multi-colour photometry results

The photometry results, along with photometric errors (o) in each passband have been
compiled for all 1477 studied clusters. A subset of the T aperture photometry results is
presented in Table 3.2, while a subset of the C aperture photometry results is provided
in Table 3.3. To analyse the entire sample of star clusters possessing homogeneous
aperture photometry, we merged cluster catalogues presented in this study (1477 ob-
jects) and in Naujalis et al. (2021) (1181 objects).

In Fig. 3.7, we show the differences between colour indices derived from T and C
magnitudes versus C magnitudes. The differences arise due to the C apertures, which
are selected to avoid the brightest field and cluster stars. Other parameters affecting
photometry, such as star cluster positions, T aperture sizes, and sky background levels,
remain the same in the cases of both apertures. Therefore, the large differences in
Fig. 3.7 show a high sensitivity to the presence of bright field stars and highlight the
importance of a careful consideration of the problems addressed in this study.

In order to test the quality of our photometry data, we compare the results with
stochastic star cluster models in the age range of log;o(#/yr) from 6.6 to 10.1, masses
from 10? My, to 10° My, and in the metallicity, [M/H], range from —2.2 to +0.4. These
models are based on the PAdova and tRieste Stellar Evolutionary Code (PARSEC)-
COLIBRI isochrones* (Marigo et al. 2017) and were computed using the same method
as described in Deveikis et al. (2008); de Meulenaer et al. (2017); Daugevicius et al.
(2024). Free-of-extinction models are plotted in the background of Figs. 3.8 and 3.9.

In Fig.3.8, we show two-colour diagrams (TCDs) constructed from T aperture
photometry (panels a-c) and C aperture photometry (panels d-f) results compared to

“http://stev.oapd.inaf.it/cgi-bin/cmd
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Table 3.2. M 31 star cluster T aperture photometry results.

AP RA(2000) DEC(2000)@ Rr®  F275Wr F336Wr F475Wp F814Wr F110Wr F160Wr

12 11.45697 41.65734 1.95 21.201 20.491 19.887 18.384 17.784 17.124
0.082 0.017 0.005 0.004 0.005  0.007¢
17 11.49040 42.02750 1.80 20.857 20.724 20.377 19.523 19.326 19.066
0.057 0.019 0.005 0.006 0.013 0.020
18 10.87149 41.57674 1.80 20.035 19.946 19.860 19.128 18.171 17.364
0.030 0.010 0.006 0.013 0.020 0.019
36 11.11896 41.49611 1.50 20.218 20.052 20.071 19.358 19.124 18.798
0.028 0.009 0.005 0.010 0.027 0.039
59 11.35843 41.93100  2.20 21.018 20.409 19.893 19.345 19.034 18.332
0.080 0.019 0.008 0.017 0.019 0.019
60 11.15443 41.84543 1.90 20.346 20.234 19.830 18.953 18.540 18.019
0.041 0.018 0.004 0.009 0.012 0.017
61 11.33710 41.95119 1.75 20.825 20.536 20.258 19.249 18.690 18.109
0.048 0.015 0.013 0.041 0.072 0.094
70 11.86315 41.98962  2.00 21.250 20.993 20.724 20.080
0.086 0.024 0.007 0.012
71 11.04998 41.84103 1.40 22.386 21.533 20911 19.000
0.184 0.032 0.007 0.009
83 11.17470 41.41221 1.80 20.627 20.416 20.079 18.978 18.749 18.146
0.046 0.014 0.005 0.009 0.024 0.030
89 11.29143 41.70648  2.00 20.417 19.905 19.528 18.623 18.115 17.493
0.042 0.011 0.003 0.005 0.010 0.012
99 10.80829 41.18881 2.20 19.026 18.309 18.053 16.711 16.228 15.676
0.013 0.003 0.002 0.003 0.006 0.008
108 11.24786 41.91301 3.40 18.805 18.579 18.243 17.233 16.657 16.156
0.016 0.005 0.002 0.003 0.005 0.008
111 10.75556 41.43999 1.40 20.704 19.995 19.621 18.403 17.755 17.158
0.040 0.008 0.006 0.020 0.028 0.043
112 10.99776 41.10297  3.00 18.840 17.715 17.810 16.381
0.025 0.002 0.001 0.001
129 11.65914 42.00298 1.40 20.244 20.143 20.291 19.507 18.942 18.140
0.025 0.009 0.006 0.010 0.044 0.053
131 11.52651 41.84367 1.80 20.267 19.877 19.695 18.910 18.462 18.005
0.036 0.009 0.004 0.008 0.009 0.010
136 11.50835 41.83461 1.90 21.273 20.916 20.594 19.621 19.359 19.039
0.096 0.035 0.007 0.006 0.014 0.022
146 11.14159 41.28450 1.50 22.181 20.739 20.264 18.809 18.310 17.783
0.147 0.015 0.007 0.017 0.020 0.022
153 10.90920 41.60673  2.90 19.996 20.539 18.926 16.837 15.868 15.011
0.054 0.032 0.003 0.002 0.003 0.003
157 10.90755 41.55624 1.40 21.510 20.655 20.225 19.073 18.335 17.592
0.091 0.018 0.007 0.014 0.018 0.016
159 11.06652 41.70332 1.55 21.874 21.497 20.959 19.450 18.720 18.046
0.136 0.038 0.010 0.011 0.015 0.016
162 11.26140 41.78398 1.70 22.354 21.490 20.659 18.548 17.718 16.995
0.198 0.036 0.008 0.006 0.006 0.007
166 10.82595 41.18186  2.50 17.983 17.269 17.008 15.606 15.142 14.528
0.006 0.001 0.001 0.001 0.002 0.002
196 11.44276 41.80583  2.40 20.582 20.246 19.757 18.249 17.296 16.432
0.060 0.017 0.004 0.004 0.004 0.004
199 11.65336 42.29523 1.90 21.229 21.169 20918 19.823 19.303 18.860
0.092 0.047 0.006 0.007 0.006 0.007
202 11.61429 41.99898 1.40 19.338 19.436 19.971 19.683 19.704 19.510
0.012 0.005 0.003 0.008 0.020 0.038
205 11.30743 41.70952 1.20 21.482 20.960 20.566 19.695 19.552 19.241
0.074 0.018 0.006 0.008 0.023 0.050
209 11.16939 41.50176 1.80 20.316 19.953 19.516 18.410 17.885 17.387
0.037 0.010 0.004 0.006 0.017 0.023
211 11.60530 42.26599  2.00 21.206 21.885 20.937 18.594 17.454 16.560
0.095 0.063 0.005 0.002 0.001 0.001

Notes. The table shows an excerpt from data presented in the catalogue. “The RA(2000) and
DEC(2000) coordinates are in degrees. ’ The T aperture is in arcseconds. YThe uncertainties
of T magnitudes (o-r) in corresponding passbands.
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Table 3.3. M 31 star cluster C aperture photometry results.

AP RA(2000)“ DEC(2000)” Rc® F275Wc F336Wc F475Wc F814Wce F110We F160Wc

12 11.45697 41.65734  0.80 21.533 20.539 19.887 18.547 18.083 17.543
0.103 0.017 0.005 0.007 0.009  0.010©
17 11.49040 42.02750  0.95 20.898 20.660 20.377 19.715 19.595 19.406
0.055 0.017 0.005 0.009 0.014 0.023
18 10.87149 41.57674  0.90 20.055 19.896 19.860 19.534 19.423 19.081
0.024 0.010 0.006 0.013 0.031 0.045
36 11.11896 41.49611 1.20 20.224 20.080 20.071 19.370 19.132 18.810
0.024 0.014 0.005 0.011 0.027 0.040
59 11.35843 41.93100 1.70 20.900 20.369 19.893 19.316 18.991 18.387
0.065 0.018 0.008 0.012 0.018 0.021
60 11.15443 41.84543 1.35 20.315 20.188 19.830 19.046 18.860 18.568
0.033 0.035 0.004 0.012 0.019 0.026
61 11.33710 41.95119 1.20 20.961 20.537 20.258 19.606 19.462 19.231
0.049 0.018 0.013 0.016 0.025 0.036
70 11.86315 41.98962  2.00 21.250 20.993 20.724 20.080
0.081 0.025 0.007 0.011
71 11.04998 41.84103 1.00 22.562 21.707 20.911 19.060
0.163 0.030 0.007 0.010
83 11.17470 41.41221 0.85 21.117 20.619 20.079 19.051 18.760 18.221
0.057 0.015 0.005 0.010 0.015 0.018
89 11.29143 41.70648  0.85 20.556 19.855 19.528 18.735 18.528 18.179
0.034 0.009 0.003 0.006 0.011 0.016
99 10.80829 41.18881 1.40 19.028 18.314 18.053 16.716 16.255 15.710
0.011 0.003 0.002 0.003 0.004 0.005
108 11.24786 41.91301 1.50 18.659 18.452 18.243 17.363 16.915 16.466
0.012 0.005 0.002 0.004 0.005 0.007
111 10.75556 41.43999  0.90 20.601 20.006 19.621 18.555 18.118 17.653
0.029 0.009 0.006 0.009 0.017 0.024
112 10.99776 41.10297 1.80 18.866 17.622 17.810 16.369
0.012 0.004 0.001 0.001
129 11.65914 42.00298 1.00 20.721 20.386 20.291 19.555 19.156 18.509
0.037 0.014 0.006 0.009 0.013 0.015
131 11.52651 41.84367 1.80 20.267 19.877 19.695 18.910 18.462 18.005
0.034 0.010 0.004 0.006 0.008 0.009
136 11.50835 41.83461 1.00 21.396 20.897 20.594 19.798 19.584 19.327
0.078 0.020 0.007 0.010 0.016 0.020
146 11.14159 41.28450 1.30 22.182 20.755 20.264 18.836 18.379 17.879
0.133 0.016 0.007 0.008 0.010 0.011
153 10.90920 41.60673 1.75 20.468 20.484 18.926 16.896 15.926 15.106
0.079 0.029 0.003 0.005 0.005 0.005
157 10.90755 41.55624 1.40 21.510 20.655 20.225 19.073 18.335 17.592
0.088 0.019 0.007 0.013 0.018 0.017
159 11.06652 41.70332 1.00 22.058 21.584 20.959 19.485 18.892 18.188
0.123 0.032 0.010 0.015 0.018 0.020
162 11.26140 41.78398  0.50 22.584 21.609 20.659 18.869 18.320 17.727
0.214 0.036 0.008 0.015 0.019 0.024
166 10.82595 41.18186 1.70 17.968 17.276 17.008 15.590 15.089 14.477
0.004 0.002 0.001 0.002 0.002 0.002
196 11.44276 41.80583 1.55 21.088 20.321 19.757 18.244 17.177 16.315
0.081 0.017 0.004 0.006 0.007 0.007
199 11.65336 42.29523 1.90 21.229 21.169 20.918 19.823 19.303 18.860
0.092 0.036 0.006 0.009 0.010 0.010
202 11.61429 41.99898 1.40 19.338 19.436 19.971 19.683 19.704 19.510
0.012 0.006 0.003 0.006 0.012 0.022
205 11.30743 41.70952 1.20 21.482 20.960 20.566 19.695 19.552 19.241
0.072 0.019 0.006 0.010 0.023 0.036
209 11.16939 41.50176 1.20 20.394 20.003 19.516 18.436 17.912 17.393
0.035 0.012 0.004 0.014 0.017 0.020
211 11.60530 42.26599 1.50 21.344 21.882 20.937 18.563 17.370 16.466

0.099 0.058 0.005 0.007 0.007 0.007
Notes. The table shows an excerpt from data presented in the catalogue. “The RA(2000) and
DEC(2000) coordinates are in degrees. " The C aperture is in arcseconds. “The uncertainties
of C magnitudes (o) in corresponding passbands.
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Figure 3.7. Differences between colour indices derived from the T and C magnitudes
(the colour index calculated from T magnitudes minus the colour index calculated
from C magnitudes).

the stochastic models (grey in the background). The C aperture photometry results
of star clusters follow theoretical models closely for all colour index combinations.
The largest differences between the T and C colours are observed in the IR passbands,
primarily due to the stronger contamination by numerous red field stars. Photometric
results (C magnitudes) of the youngest star clusters are less reliable because measured
fluxes are very faint in the IR passbands (Fig.3.8f). The accuracies of UV colour
indices (Fig. 3.8a,d) are limited due to the low S/N ratio rather than other biases. Out-
liers in Fig. 3.8d-f usually have very complicated surrounding sky backgrounds, or
have bright field stars falling inside the C aperture. Some star clusters are strongly af-
fected by the presence of interstellar extinction; noticeable systematic shifts in colour
indices are evident when comparing observed clusters with the stochastic star cluster
models. The extinction vectors, assuming the standard Milky Way extinction law, are
shown at the bottom-left corners of panels. In Fig. 3.9a, we show photometry results
by applying T aperture magnitudes in the F336W, F475W, and F814W passbands;
in Fig. 3.9b: photometry results by applying the C apertures. Most clusters align well
with the star cluster models drawn in the background. However, the C photometry
results, compared with the stochastic star cluster models, are more compatible than
the T photometry results.

3.5 Stochastic effects of star clusters

To investigate the impact of stochastic effects on star cluster aperture photometry, we
used artificial star clusters to examine how the stochastic nature of low-mass clusters
affects the measurement of photometric parameters. Stochastic sampling of the initial
mass function is one of the main factors limiting the accuracy and reliability of cluster
physical parameters derived using aperture photometry.
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Figure 3.8. Two-colour diagrams showing photometry results of star clusters. Pan-
els a-c show T aperture photometry; panels d-f give the C aperture photometry. The
grey colour in the background indicates areas occupied by stochastic star cluster mod-
els with masses from 10% to 10° My. Colour indices indicated on the X axis are
constructed from T magnitudes in panels a-c and from C magnitudes in panels d-f.
Arrows indicate the extinction vectors of Ay = 1, assuming the standard Milky Way

extinction law.
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Figure 3.9. Two-colour diagrams showing star clusters over-plotted on the distribu-
tions of models. The models of clusters (areas of grey colour) are with masses from
10? to 10° My, The subscript TC indicates that colour index is based on T and C aper-
ture photometry in panels a and b, respectively. Arrows indicate extinction vectors of
Ay = 1, assuming the standard Milky Way extinction law.
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In order to generate an artificial star cluster, we assigned stellar masses by ran-
domly sampling the IMF, which defines the number of stars formed within a given
mass range. In this study, we used the Kroupa (2001) IMF, defined by the multi-power
law:

Em)=k-b;-m™™, (3.3)

where @; — the IMF slope for the mass range of [m;_;, m;], k and b; — the normalisa-
tion and continuation constants of the function, respectively. We sampled the initial
stellar masses within the range of 0.1 to 100 M. In this mass range, the Kroupa IMF
simplifies to an equation, characterized by two power-law slopes:

{aq =13, %fm < 0.5Mo, )
ay =23, ifm>0.5M,.

Individual stars are fully stochastic sampled until the total mass within a sphere of
7.5” radius (~28 pc at the M 31 distance) matches the cluster’s target mass. Af-
ter generating stellar masses, magnitudes were assigned based on each star’s mass
and the cluster’s age. To accomplish this, we interpolated the PARSEC-COLIBRI
(Marigo et al. 2017) isochrones. For this study, we adopted a fixed solar metallicity
and zero interstellar extinction. To generate realistic artificial clusters that resemble
M 31 objects observed in the PHAT survey, isochrones were interpolated across six
corresponding HST passbands, covering a spectral range from 0.25 to 1.6 um. As
a result, we produced a grid of artificial star cluster models that span the parameter
space of real clusters observed in M 31 (Daugevicius et al. 2024).

The PARSEC isochrones were selected because they offer a wide coverage of stel-
lar parameters, including age, mass, and metallicity. They are compatible with many
photometric systems. Additionally, PARSEC isochrones include fast transient evolu-
tionary phases, which are essential for modelling integrated cluster light, especially
at young ages. In contrast, other isochrone models do not include young ages at all,
e.g., BaSTI models (Hidalgo et al. 2018) start at around ~13 Myr. The Yonsei-Yale
and Dartmouth isochrones, while valuable for certain applications, provide more lim-
ited coverage in mass, metallicity, and lack consistent updates for later evolutionary
phases.

The CMDs in Fig. 3.10 show three artificial clusters of the same mass (1000 M)
along with the appropriate isochrones. This illustrates that for young low-mass clus-
ters, significant variations arise despite having the same physical parameters due to the
effects of IMF stochasticity. In such cases, measured properties of star clusters will
differ from those obtained using the standard SSP integration method, which accounts
for all stellar evolutionary phases. This issue is particularly important for lower-mass
clusters (<10* M), where a single PMS star can cause significant changes in photo-
metric properties.

Figures 3.11 and 3.12 provide a clear presentation of stochastic sampling effects
on cluster photometry, where we show TCDs and CMDs of simulated clusters, based
on their initial mass and age (Daugevicius et al. 2024). These figures also show
the PARSEC-COLIBRI non-stochastic simple stellar population models with solar
metallicity (Marigo et al. 2017). As noted in previous studies (Deveikis et al. 2008;
Fouesneau & Langon 2010; de Meulenaer et al. 2013), low-mass stochastic clusters
(log(M/Ms) < 4.0) show significant scatter, with colour indices and fluxes vary-
ing across multiple magnitudes. In general, the scatter of photometric parameters
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Figure 3.10. CMDs of three simulated clusters of mass 1000 Mg, and of age: 30 Myr
(purple), 100 Myr (blue), 300 Myr (green), and 1 Gyr (red). Solid lines mark
PARSEC-COLIBRI (Marigo et al. 2017) isochrones. Filled circles — individual stars.

is stronger for younger and less massive clusters. This indicates that stochasticity can
introduce considerable uncertainties and degeneracies (Worthey 1994; BridZius et al.
2008) in the derived values of cluster age, mass, extinction, and metallicity. Addition-
ally, Figs. 3.11 and 3.12 demonstrate that the brightest clusters with log(M/My) = 2.5
and log(M/M;) = 3.5 show very similar colours and magnitudes in the visual to near-
infrared parts of the spectrum.

For low-mass star clusters (younger than 1 Gyr) two photometrically distinct groups
of objects emerge (Figs.3.11 and 3.12), due to stochastic IMF sampling. The first
group, G1, consists of clusters that do not contain any PMS stars, while the second
group, G2, includes clusters with at least one evolved PMS star. The difference be-
tween these two groups is particularly prominent at young ages (<100 Myr) and grad-
ually diminishes as clusters evolve. With increasing age, the mass of stars at the main
sequence turn-off decreases, allowing even low-mass clusters (log(M/My) < 3.0)
eventually become populous enough to have some evolved stars.

Moreover, similarly to previous studies (Deveikis et al. 2008; BridZius et al. 2008;
Fouesneau & Lancon 2010; de Meulenaer et al. 2013), our results demonstrate that
non-stochastic SSP models — commonly used to derive physical parameters of stellar
populations — are an inappropriate approximation. Figs.3.11 and 3.12 indicate that at
young ages, the non-stochastic SSP models lie in regions of the TCD and CMD that
are sparsely populated by stochastic clusters. These models poorly represent young
clusters (<100 Myr), placing them between the two stochastic cluster groups. It is
worth noting that at 1 Gyr, the non-stochastic SSP models align reasonably well with
the distribution of stochastic clusters. However, stochastic clusters still show a large
scatter, covering a wide range of ages compared to the non-stochastic models. In
TCDs, the spread of stochastic cluster colours tends to follow the direction of the
interstellar extinction vector. In general, these results reinforce the well-established
idea that relying on non-stochastic SSP models to derive parameters for low-mass
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clusters — especially at younger ages — can lead to misleading results, and stochasticity
must be accounted for to obtain reliable parameter estimates.
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Figure 3.11. Two-colour diagrams of simulated stochastic star clusters (Daugevicius
et al. 2024). Each panel shows aperture photometry results for different combina-
tions of cluster mass (marked above the panels) and age (marked to the right of the
panels). GI1 group consists of clusters without any PMS stars, while G2 group in-
cludes clusters with at least one evolved PMS star. Black lines (solid — no interstellar
extinction; dashed — Ay = 1, calculated using the Fitzpatrick 1999 extinction curve)
PARSEC-COLIBRI-based non-stochastic SSP solar metallicity models (Marigo et al.
2017) from 10 Myr to 12.6 Gyr. Measurements are performed using the circular aper-
ture of radius R,, = 3.0 arcsec.

Also, we find that G1 clusters tend to exhibit more consistent and reliable pho-
tometric measurements, occupying a much narrower area in both TCDs and CMDs
compared to G2 clusters. In contrast, G2 clusters appear redder and cover a wider
range of colour indices. For low-mass clusters (log(M/My) < 4.0), significant photo-
metric differences between the two groups at young ages are driven by the presence
of a few or often just one bright evolved PMS star, such as yellow or red supergiant,
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whose flux dominates the overall cluster light. These results align with Beerman et al.
(2012) and suggest that a reliable photometry of young low-mass star clusters can be
achieved, and physical parameters can be derived with higher precision, if these bright
PMS stars are excluded or avoided when performing aperture photometry of clusters.
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Figure 3.12. Same as in Fig. 3.11, but CMDs are shown.

3.6 Summary

We performed multi-colour aperture photometry of 1477 star clusters from the M 31
galaxy PHAT survey (Dalcanton et al. 2012; Johnson et al. 2012, 2015). We used two
variants of photometry by applying standard (T) and adaptive (C) apertures. A cata-
logue excerpt for the T and C aperture photometry results are presented in Tables 3.2
and 3.3.

We have demonstrated that the C aperture photometry provides more robust re-
sults in the sense of consistent colour indices compared to the T aperture photometry
(Fig. 3.8). Two aspects are notable: our photometry results are in a good agreement
with the available stochastic cluster models and the T photometry results (Fig. 3.8a-c,
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3.9a) differ significantly compared with the C photometry results (Fig. 3.8d-f, 3.9b).

We emphasize two major challenges in performing accurate star cluster aperture
photometry in crowded fields: (i) uncertainty in sky background estimation, (ii) con-
tamination from projected field stars within the photometric aperture. Therefore, care-
fully accounting for both problems is the only way to guarantee reliable star cluster
aperture photometry results within the discs of such galaxies as M 31.

Finally, we demonstrate that clusters with PMS stars (G2) and those without (G1)
exhibit significant photometric differences, with G2 clusters showing a much larger
scatter in photometric parameters. Our findings are in agreement with Beerman et al.
(2012), showing that the absence of PMS stars results in much more consistent and
well-defined cluster photometric parameters, which in turn lead to a more reliable
derivation of physical parameters.
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Appendix: Double clusters
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Figure Al. Same as in Fig. 2.2, but for the images of clusters: AP0239, AP1782, and
AP3306, where double objects were detected. Blue and green circles show Johnson
et al. (2015) and T apertures, respectively.
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Chapter 4

Star cluster parameters

We employed stochastic star cluster models to derive physical parameters (age, mass,
metallicity, and colour excess) for the full sample of 2658 clusters in the M 31 galaxy,
based on integrated photometry catalogues from Naujalis et al. (2021) and this work.

4.1 Cluster parameter determination

Star cluster physical parameters were determined following the procedures described
in de Meulenaer et al. (2013, 2014, 2017). The age, mass, metallicity, and colour
excess E(B — V) of star clusters were estimated by comparing the integrated broad-
band photometry of clusters to a four-dimensional (4D) grid of stochastic models. The
grid covers the following parameter ranges: age, log,,(¢/yr) from 6.0 to 10.3 in steps
of 0.02; mass log,,(M/My) from 2 to 7 in steps of 0.05; metallicity, [M/H] from —2.2
to +0.7 in steps of 0.1; and colour excess, E(B—V) from —0.03 to 2.00 in steps of 0.01.
Negative E(B — V) values are used to account for the average foreground extinction
toward the M 31. In this study, each node of the grid contains 10 000 stochastic star
cluster models, with the total number of nodes — more than 133 million. Here, a node
refers to a specific combination of age, mass, metallicity, and colour excess values in
the model grid. These models are constructed by randomly sampling stellar masses
according to the initial mass function (Kroupa 2001), following the method described
in Deveikis et al. (2008). We adopted a distance modulus of (m — M)y, = 24.47
(McConnachie et al. 2005), the standard Milky Way interstellar extinction law with
Ry = 3.1, and stellar models from the PARSEC-COLIBRI release v1.2S (Marigo
et al. 2017).

We derived physical cluster parameters based on C and T aperture photometry,
using five different passband combinations described as follows: FO we used all six
WFC3+ACS filters; F1 we omitted the F275W passband; F2 we omitted the F275W
and F336W passbands; F5 we omitted the F110W passband; F6 we omitted the
F110W and F160W passbands. For each passband combination, we computed the
likelihood of each node of the grid to represent the magnitudes of a given observed
cluster. Parameter probabilities were calculated based on Egs. (1) and (2) from de
Meulenaer et al. (2017). Within each node, we first computed the likelihood of each
of the 10 000 star cluster models:
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where f denotes a specific PHAT survey filter, magy .ps and mag fmoqe T€present the
observed and model magnitudes in that filter, respectively, and F is the total number
of filters. The likelihood of a node defined by age, mass, extinction, and metallicity is
then given by the sum of the likelihoods of its models:

N
Lnode(ta M’ E(B—V), [M/H]) = Z Lmodel,n» (42)

n=1

where N — number of models within the node. The set of parameters (age, mass, ex-
tinction, metallicity) corresponding to the node with the highest likelihood is referred
to as BEST. The set of parameters of the node with the highest likelihood in the case
of fixed solar metallicity is referred to as BESTsun. Additionally, we adopted the peak
values of the one-dimensional probability histograms for age, mass, extinction, and
metallicity as the MAX values (see Fig. 4.1).

To decide on the final parameter set for individual M 31 clusters, we visually exam-
ined one-dimensional probability histograms for age, mass, extinction, and metallicity,
as well as two-dimensional probability density maps of these parameters. The plots
produced for each passband combination were compared and evaluated alongside the
cluster images, with C and T aperture photometry results analysed separately (see
Fig.4.1 for the FO case with C aperture). The main goal of this interactive procedure
was to ensure an accurate parameter estimation, as the derived values can be influ-
enced by various factors — for instance, the presence of bright UV and IR field stars
within the photometric aperture; the significant differential extinction effects across
the cluster’s image; strong parameter degeneracies.

Here, we illustrate parameter determination issues using the cluster AP0230 (see
Fig.4.1). This object resides in a dense background of bright blue and red stars. Sev-
eral bright stars are visible in the F814W, F110W, and F160W passbands that fall
within the C and T apertures, affecting the photometry and, consequently, the derived
cluster parameters. Since these stars have colours similar to those of background stars
(in the FA75W+F110W+F160W passband combination), we concluded that photom-
etry contaminating stars are most likely field objects. Therefore, we opted to use
the C aperture with the FO filter combination and BESTsun solution, resulting in an
estimated age of 300 Myr, which seems appropriate for clusters of this type. The
BEST, BESTsun, and MAX results are all consistent for this object. Then, using the
model density maps along with the age parameter, we subsequently derived the mass
(~18 000 My,) and colour excess (0.19 mag). Additional parameter determination ex-
amples are presented in the Appendix (see Figs. B1-B4). However, for more complex
cases, human expertise is essential in deriving the most appropriate parameters.

Another complex case, showing the importance of human expertise in navigating
parameter selection issues is cluster AP1867 (Fig. 4.2). This object is heavily affected
by interstellar extinction and is likely projected behind the star-forming ring of M 31.
Moreover, the presence of young, relatively massive stars, which are bright in the UV,
fall within the C and T apertures of the target cluster, affecting parameter derivation re-
sults, where cluster is automatically classified as a young object. Such cases have been
excluded from the final sample, as their parameters cannot be determined with suffi-
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Figure 4.1. Top panel: images of the AP0230 cluster in colour (top row) and grey-
scale (bottom row) panels. The colour images are generated by combining three pass-
bands, while the grey-scale images show individual passbands (labelled within each
panel). Green and red circles indicate T and C apertures, respectively. Each image
covers an area of 10” X 10”. An insert at the top-right corner shows the location of
the cluster within M 31. North is up, and east is to the left. Bottom panel: histograms
and density maps representing classification results (likelihoods) for the AP0230 clus-
ter (measured through the C aperture) based on stochastic models. The colours of
2D maps correspond to the number of models representing actual parameter combi-
nations. Redder colours indicate a larger number of models, bluer colours indicate a
smaller number. The vertical and horizontal lines show the calculated solution: BEST
(magenta), BESTsun (black), MAX (blue). For definitions of the BEST, BESTsun, and
MAX parameters, see the text. Derived parameters for the AP0230 cluster are: age —
log,o(t/yr) = 8.50 (~300 Myr), mass — log,,(M/Ms) = 4.25 (~18 000 M), colour
excess — E(B — V) = 0.19 mag, metallicity — [M/H] = 0.0.
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Figure 4.2. Same as in Fig.4.1, but for cluster AP1867. This object was excluded
from further analysis due to insufficient parameter reliability. The presence of young,
relatively massive stars, that are bright in the UV affect parameter derivation results,
where cluster is classified as a young object.
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cient reliability. Other examples of excluded objects are presented in the Appendix
(see Fig. C1).

After deriving cluster parameters, we excluded 733 objects older than 800 Myr, for
which solar metallicity cannot be assumed, as well as clusters heavily contaminated
by bright field stars projected within the photometric apertures (Fig. 4.2). For clusters
younger than 800 Myr, the colours are nearly insensitive to metallicity. Therefore, we
adopted solar metallicity based on Gregersen et al. (2015) findings, who showed that
inner disc of M 31 galaxy (~4-20 kpc) has metallicities close to the solar value. This
resulted in a final sample of 1922 clusters.

Moreover, Johnson et al. (2022) and Daugevicius et al. (2024) demonstrated that
the parameters of young star clusters (<40 Myr) cannot be reliably determined using
only aperture photometry. As a result, the parameters of resolved and semi-resolved
young star clusters should be determined using CMD analysis methods (Weisz et al.
2015; Johnson et al. 2016; Wainer et al. 2022; éeponis et al. 2024), which are likely
to provide more accurate results compared to those derived from aperture photometry.
Therefore, for the youngest objects, we applied a probabilistic approach to determine
the ages and interstellar extinctions of star clusters by fitting theoretical isochrones
to the resolved stars within each cluster (Ceponis et al. 2024). To accomplish this,
photometric data of individual stars within each cluster’s aperture are compared with
a database of stellar models, and the probability that a given star matches those pa-
rameters is calculated. This comparison produced a probability distribution function
(PDF) across a range of age and extinction values, which was then used to identify the
best-fitting set of parameters for each cluster. Consistent with our previous approach,
we visually inspected the CMDs and PDF distributions of each M 31 cluster under
consideration, and determined the final age and extinction values. In total, the CMD-
based method was applied to 426 clusters. In all cases, metallicity was fixed to the
solar value, and cluster mass was determined using stochastic models.

A subset of parameter results are presented in Table4.1. Accuracy of the pa-
rameters were estimated based on our previous studies of the PHAT cluster samples
(Bialopetravicius et al. 2019; Ceponis et al. 2024; DaugeviCius et al. 2024). For each
cluster, a parameter accuracy (6) group (Q) is indicated and valid for all parame-
ters (log,((¢/yr), log,,(M/My), E(B — V)) as follows: Q = 0 (6 < 0.08); Q0 =1
(0.08 <6<0.12); 0 =2(0.12 < 6 £0.20); Q@ = 3 (6 > 0.20). The number of objects
in each group is: 837 for Q = 0, 654 for Q = 1, 380 for Q = 2, and 51 for Q = 3.

After deriving the physical parameters, we grouped star clusters into bins based on
their age and mass, and demonstrate the relationship between their observed photo-
metric properties and the physical parameters (Fig.4.3). Each subplot shows density
contours of observed clusters in the TCDs, using T aperture photometry (dashed blue
contours) and C aperture photometry (solid red contours). Blue and red dots represent
the centroids of each distribution, highlighting systematic trends across the panels. In
the background, light and dark grey points are C and T aperture photometry results.

The vertical shift in the contours indicates the expected reddening of clusters with
increasing age. On the other hand, young clusters (top row) appear significantly bluer.
The general overlap of red and blue contours across all panels indicates that both C and
T aperture photometry give consistent photometric properties when objects are binned
by age and mass. While minor offsets appear in certain bins due to stochasticity and
field star exclusion, the overall agreement supports the reliability of both methods
when determining the physical parameters using stochastic models.
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Table 4.1. Derived physical parameters of the M 31 star clusters.

AP@ R.A.(20000” DEC(2000)? log,,(t/yn)® log,o(M/Mo)® EB- V)@ Rs,@ QF
0001  11.43552 41.69856 8.80 435 0.06 056 0
0002  11.36651 41.70101 8.56 3.80 0.27 059 2
0003 11.47129 42.04925 8.44 3.30 0.21 074 1
0004  11.47466 42.03835 8.78 4.20 0.09 090 0
0005 10.99164 41.35933 8.48 345 0.12 036 1
0006 11.12445 41.85557 8.50 3.90 0.12 081 1
0007  11.58366 42.25498 8.26 3.25 0.16 066 1
0009  11.36310 4172914 8.50 435 0.25 L1 1
0011  11.81412 42.10896 8.70 375 0.32 054 1
0013 11.43981 41.76452 8.55 425 0.15 089 0
0014 11.14083 41.88189 8.20 4.15 0.34 073 0
0015  11.08198 41.40248 8.52 3.90 0.09 089 1
0016 10.93957 41.14912 8.30 3.60 0.31 043 0
0017 11.49040 42.02751 8.64 3.40 0.06 072 2
0018 10.87150 41.57674 8.35 345 0.10 065 1
0023 11.27975 41.42988 8.62 3.85 0.08 066 0
0024  11.33163 41.80840 7.30 3.5 0.22 033 0
0025  11.64901 42.32663 8.58 3.30 0.12 042 2
0027  11.01625 41.27622 7.55 3.60 0.15 063 0
0028  11.38640 42.02739 8.60 3.95 0.14 052 0
0029  11.52844 42.02333 8.64 4.40 0.13 114 0
0031 11.55573 41.82271 8.32 3.40 0.06 085 1
0032 11.23506 41.89575 8.18 375 0.27 088 1
0033 11.87833 42.08423 8.26 370 0.18 043 1
0034 11.40393 42.00191 8.58 375 0.29 061 0
0035 11.38898 42.00342 8.44 3.90 0.12 081 1
0036 11.11897 41.49612 8.36 3.40 0.10 058 2
0044  11.36613 41.95737 8.70 3.95 0.20 071 0
0045  11.02481 41.67607 8.40 4.05 0.16 096 0
0047  11.45351 41.80560 8.30 4.05 0.39 066 0
0048 11.11268 41.57693 8.30 4.15 0.10 067 0
0050  11.13551 41.86193 8.34 4.05 0.31 072 1
0052 11.03665 41.63221 8.20 445 0.10 096 0
0053 11.29973 41.93023 8.20 4.05 0.34 073 1
0055  11.41601 41.87978 8.40 4.10 0.37 087 0
0056 11.14150 41.35086 8.50 3.80 0.10 049 2
0059  11.35844 41.93100 8.56 3.55 0.08 110 1
0060  11.15443 41.84543 8.64 375 0.14 073 2
0061  11.33711 41.95119 8.38 3.50 0.22 056 2
0063  11.55334 42.15193 8.48 3.65 0.14 071 1
0064  11.42251 42.06264 8.68 3.30 0.30 0.56 2
0065  11.33550 41.96125 8.50 375 0.26 056 0
0066  11.56122 41.92155 8.40 3.15 0.11 046 1
0070  11.86316 41.98962 8.64 3.25 0.06 094 0
0072 11.26696 4177239 8.30 4.10 0.42 049 0
0080  11.29070 41.91940 8.84 3.95 0.18 080 0
0081  11.55928 42.18901 7.30 3.30 0.23 039 0
0083  11.17470 41.41221 8.72 375 0.17 073 0
0084  11.30735 41.83549 8.25 4.15 0.23 044 0
0085  11.63698 42.32512 8.14 3.55 0.10 056 2
0086  11.19980 41.89623 8.42 3.50 0.11 076 1

Notes. An excerpt from the full catalogue. Cluster parameters:  identification number (John-
son et al. 2015); @ equatorial coordinates (degrees) (Naujalis et al. 2021; KriiCitinas et al.
2023); © age (years); ” mass (solar masses, My); ' colour excess (magnitudes); ¢ half-light

radius (arcseconds); ® parameter accuracy group.
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Figure 4.3. The relationship between observed photometric and physical properties of
star clusters. Each panel shows aperture photometry results for different combinations
of cluster mass (marked above the panels) and age (marked to the right of the panels).
Red contours represent C aperture photometry and blue contours T aperture photom-
etry results. Red and blue dots indicate the centroid of each respective distribution.
Light and dark grey points indicate individual measurements from C and T aperture
photometry, respectively.
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4.2 Comparison with other studies

To verify the reliability of our results, we compare the derived ages, masses, and
extinction values with the M 31 star cluster data published by Johnson et al. (2022)
and Caldwell & Romanowsky (2016) as shown in Fig. 4.4.

Johnson et al. (2022) determined PHAT cluster parameters based on integrated
photometry using the Stochastically Lighting Up Galaxies (SLUG, Krumholz et al.
2015)! code, which performs stochastic stellar population synthesis. SLUG method
shares some similarities with our stochastic model approach and also has key differ-
ences. Both methods rely on stochastic sampling of the IMF to account for variations
in stellar content, particularly in low-mass clusters. However, the main difference lies
in their fitting procedures. While stochastic models use precomputed grid of mod-
els and integrated photometry in discrete filters to derive cluster parameters, SLUG
generates models dynamically and compares them to the observed spectral energy
distributions.

We excluded 150 clusters in Johnson et al. (2022) catalogue flagged as having un-
certain parameter fits. As a result, we used 767 clusters for comparison. As noted
by Johnson et al. (2022), the derived SLUG ages have a gap, log,,(¢/yr) ~ 7.0 - 7.5
(Fig. 4.4a). This gap appears to be related to the emergence of evolved supergiant stars.
Therefore, we consider the SLUG ages to be less reliable up to log,,(¢/yr) = 7.6. For
older (>40 Myr) clusters, the parameters determined in this study show a reasonable
agreement with the SLUG results (Fig. 4.4a-c). The median differences between our
and SLUG parameter values: Alog,,(¢/yr) ~ 0.07 dex, Alog,,(M/My) ~ 0.12 dex,
and AAy ~ —0.09 mag. Our method favours slightly older ages, higher masses, and
lower extinction values (Fig. 4.4a-c). The discrepancies between parameters may arise
due to the smaller apertures (C) used for cluster photometry in our study, which reduce
contamination from bright field stars that could otherwise lead to parameter degenera-
cies (Naujalis et al. 2021; Kris¢itnas et al. 2023).

Using an isochrone fitting procedure applied to CMDs of resolved and semi-
resolved clusters, Johnson et al. (2016) derived age and mass parameters for young
clusters (<300 Myr). In addition, the catalogue was further supplemented with ex-
tinction values provided by Johnson et al. (2022), whose data we use for comparison.
In total, 851 objects are available for comparison with our data. Most of the derived
values are in agreement with each other (Fig. 4.4d-f), showing only small median dif-
ferences between our and Johnson et al. (2022) parameters: Alog,,(¢/yr) ~ 0.08 dex,
Alog,y(M/Mg) ~ 0.09 dex, and AAy ~ —0.09 mag. Some outliers exhibit large differ-
ences in age and(or) extinction (Fig. 4.4d,f), likely due to contamination by bright UV
and(or) IR field stars within the cluster apertures. Nonetheless, the strong correlation
with parameters derived from CMDs supports the validity of our method of cluster
parameter determination.

Using spectroscopy, Caldwell et al. (2009) estimated the age, mass, and extinction
of young clusters (<1 Gyr). In this study, we used updated catalogue from Caldwell
& Romanowsky (2016) and compared 53 clusters with our dataset. Our parameter
estimates are systematically lower, with median differences between our and Caldwell
& Romanowsky (2016): Alog,,(t/yr) ~ —0.15 dex, Alog,,(M/My) ~ —0.08 dex,
and AAy ~ —0.24 mag (Fig.4.4g-i). Despite some deviations, our age, mass, and
extinction estimates remain in reasonable agreement with spectroscopic results. It

]https ://slug2.readthedocs.io/en/latest/intro.html
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is also worth noting that the age and mass differences are opposite to those when
comparing our results with the parameters derived by Johnson et al. (2022).
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Figure 4.4. Comparison of derived cluster parameters: age (left), mass (middle), and
extinction (right) — with published values from Johnson et al. (2022) (a-f) and Caldwell
& Romanowsky (2016) (g-i). The colours of dots indicate the local point density.

4.3 Properties of star clusters

The distribution of clusters in the mass-age diagram is shown in Fig. 4.5a. The red

dashed and solid lines represent the approximate selection limits of F475W < 21.5 mag
and F475W < 22.5 mag, respectively. They are drawn based on SSP models of solar

metallicity and assuming zero extinction. It is worth noting that the actual selection

limit is heavily influenced by the cluster’s specific extinction value and the density of
field stars in the surrounding environment.

The distribution of cluster masses (Fig.4.5a) span the range from ~200 Mg to
~30 000 M. The decrease in the number of low-mass clusters appears to be influ-
enced by selection effects rather than representing a physical trend. At the same time,
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Figure 4.5. Top: derived cluster masses versus age. The red dashed and solid lines
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respectively. Bottom: derived cluster colour excess E(B — V) versus age. The colours
of dots indicate the local point density.
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Rr=1.50", Rc=1.00"

Figure 4.6. Same as in Fig. 2.2, but for cluster AP0367, which is affected by differen-
tial extinction visible in all colour images.

they are more likely to be disrupted due to tidal interactions, as they have smaller grav-
itation potentials and lower stellar densities (mass-dependant disruption, Krumholz
et al. 2019). While low-mass clusters are indeed more vulnerable to tidal disrup-
tion, the observed decrease in their numbers is more likely dominated by selection
effects, such as photometric incompleteness, especially at older ages and lower lu-
minosities. The general absence of star clusters with log,,(M/My) > 4.5 is due to
our sample selection. We selected clusters younger than 800 Myr and excluded most
massive, and typically older, globular-like clusters. However, the completeness at the
~2000 Mg, mass (Fig. 4.5a) is suitable for reliable statistical studies, even considering
the stochastic nature of stellar mass distribution in clusters of this mass (Daugevicius
et al. 2025). Therefore, the observed decline in the number of clusters per logarithmic
mass interval in the high-mass range is likely real and well represented for fitting the
cluster mass function (CMF). It should be noted that young (5100 Myr) and massive
(210 000 M) objects are mostly stellar associations rather than typical star clusters.
However, there are only few of these objects and we did not exclude them from the
further analysis.

The colour excess histogram shows a wide distribution (Fig. 4.5b), suggesting that
studied clusters are located above, within, or even behind the M 31 disc. The median
colour excess of star clusters in our sample is E(B—V) = 0.24, which is consistent with
the value of 0.25 derived for the south-western part of the galaxy (Vansevicius et al.
2009). Seven clusters exhibit high colour excess values, E(B — V) > 0.7 (Fig. 4.5b).
Six of these objects, younger than 100 Myr, are located within the star-forming regions
of M 31. In some cases, especially for young clusters embedded in strongly inhomo-
geneous dust clouds, differential extinction (i.e., spatial variations in dust absorption
across the cluster) could distort the derived parameters. Fig. 4.6 shows an example of
star cluster AP0367, which is located within the star-forming region. It is evident that
the cluster is affected by differential extinction, which can be clearly observed in all
colour images. It is worth noting that strong differential extinction effects are observed
within a relatively small field of view. Moreover, a few older (>100 Myr) clusters also
have enhanced extinction (E(B — V) 2 0.6). This can be attributed to their position
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behind a layer of diffuse interstellar matter on the far side of the M 31 disc. We note
that E(B — V) versus projected distance from the M 31 centre does not show any tight
correlation. E(B — V) of an individual cluster seems to be more strongly dependent
on the local interstellar matter environment than on the radial distance from the M 31
centre.

Moreover, as noted by Ceponis et al. (2024), differential extinction affecting in-
dividual cluster stars is not yet resolved or properly accounted for. In some extreme
cases, this could distort the estimated cluster parameters. Also, deviations of the M 31
extinction law (Wang et al. 2025) from the standard Milky Way’s law (Ry = 3.1),
which is assumed in this study, could significantly alter the derived cluster parame-
ters.

4.4 Cluster mass function

The observed cluster mass function, i.e. a power-law with an exponential cut-off at the
high mass end, is reasonably well-represented by Schechter mass function (Schechter
1976; Gieles 2009):

dN o M;

i, AM; exp( Mc)’ “4.3)
where Mc — the characteristic mass where the exponential decline occurs, A — a scaling
constant proportional to the cluster formation rate, and @ corresponds to the power-
law slope that determines the relative abundance of low-mass clusters. Krumholz
et al. (2019) demonstrated that CMF is best parametrised by a power-law slope of
a = 2 +0.2. Therefore, an index of 2 was selected, as this form is also supported
by numerous studies (Zhang & Fall 1999; Gieles et al. 2006; Larsen 2009; Portegies
Zwart et al. 2010; Fall & Chandar 2012). This value is likely set by the organisation
of the interstellar medium shaped by turbulence (Fujii & Portegies Zwart 2015) and
the efficiency of cluster formation (Renaud 2018).

To have a better understanding about the origins of the characteristic mass, Mc,
several theoretical models have been proposed (see Adamo et al. 2020). Kruijssen
(2014) suggested that the maximum mass of molecular cloud and the characteris-
tic star cluster mass might share a common origin, potentially corresponding to the
Toomre mass. This mass-scale parameter represents the maximum mass below which
the self-gravity of GMCs can overcome the effects of galactic differential rotation in
an equilibrium disc (Toomre 1964; Kruijssen 2014). The proposed model was further
refined by Reina-Campos & Kruijssen (2017), who incorporated the effects of stellar
feedback. In their model, if the feedback timescale (i.e., the time required for young
stars to disrupt their natal gas cloud) is shorter than the free-fall time of the shear-
limited region, then the resulting collapsed mass will be lower than the theoretical
Toomre mass. A shear-limited region is one where the galactic shear (caused by the
rotation of the galaxy) prevents the molecular cloud from collapsing under its own
gravity unless the cloud is massive enough to overcome this shear. Proposed model
that combines shear and feedback regulation successfully explains observed trend of
maximum GMC mass, maximum cluster mass as a function of galactocentric distance
in M 31, the radial decline observed in M 83 (Adamo et al. 2015; Freeman et al.
2017), and relatively flat radial profile seen in M 51 (Messa et al. 2018). Therefore,
M likely results from a combination of factors, including the Toomre mass, galactic
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shear, and stellar feedback, which together regulate the formation and maximum mass
of molecular clouds.

In order to derive global M value for the M 31 galaxy, we selected objects more
massive than ~2500 Mg, and fitted the Schechter function (Fig.4.7). The decrease in
the number of clusters in the low-mass range is likely not physical, but rather arises
from selection effects. In contrast, the decrease observed in the high-mass range is ex-
pected to be real. Our results indicate a turnover mass of Mc = (13.3*))-10° M. This
result is larger than the value obtained by Johnson et al. (2017), who reported M¢ =
(8.5f%;§) - 103 M. Nevertheless, our result supports their conclusion regarding the
truncated nature of the M 31 cluster mass function derived for young (<300 Myr) star
clusters. The difference of the M values may arise due to differences in cluster ages
of studied samples — in the present study we use older clusters (<800 Myr). To ver-
ify this assumption, we derived M for a subsample of younger clusters (<300 Myr),
Mc = (12.3f%‘9‘) -10° M, (Fig.4.8). Therefore, only a small difference (<1.50°) in
M remains compared to the value derived by Johnson et al. (2017). In addition, our
derived M value is among the lowest reported to date. Previous studies, based on ex-
tragalactic systems other than M 31, have found Mc values ranging from 0.5 - 10° Mg,
to 10 - 10° My, (Kruijssen 2014). However, it is worth noting that low-mass clusters in
galaxies other than M 31 may not be detected with high completeness.

1—

_4_ | | | | | | | | | |
2.5 3.0 3.5 4.0 4.5

log(M/Mg)

Figure 4.7. Differential distribution of cluster masses per mass interval. The solid red
line shows the Schechter function fitted to the present cluster sample, with a turnover
mass of M¢ = (13.3312) 103 M,. A green shaded area denotes the uncertainty region
of the fitted function.

54



1
0

=-1

= |

3

=

S

8)_

- =2
-3
_4-....|....|....|....\
2.5 3.0 3.5 4.0 4.5

log(M/M)

Figure 4.8. Same as Fig. 4.7, but for young clusters (<300 Myr). The solid red line
shows the Schechter function with Mc¢ = (12.373¢) - 10° Mo. A blue dashed line indi-
cates the case of Mc¢ = (8.5*7%) - 10° Mo, with the grey shaded shaded area indicating

the uncertainty region (Johnson et al. 2017).

By studying the star cluster population in M 31, we can also investigate the proper-
ties of the CMF in a galaxy with low average star formation rate (Barmby et al. 2006;
Johnson et al. 2017) and explore how it varies across different environments. Previous
studies have primarily focused on galaxies with moderate star formation activity, such
as M 51 and M 83 (Gieles 2009; Adamo et al. 2015), or on intense starburst mergers
like the Antennae (Zhang & Fall 1999; Whitmore et al. 2010). Therefore, to explore
radial variations in Mc values, we fitted the Schechter function within a set of over-
lapping radial bins. Each bin (annulus) had a fixed width of 4 kpc, with successive bin
offset by 2 kpc, covering galactocentric distances from 4 to 20 kpc. As suggested by
Daugevicius et al. (2025), careful consideration of catalogue completeness is essential
when investigating the radial or environmental dependencies of the CMF. To ensure a
robust analysis, we limited our sample to clusters more massive than ~2500 Mg, and
fitted the Schechter function (Eq. 4.3) within each bin (Fig. 4.9).

The resulting M values reveal that the characteristic mass is shaped by the local
galactic environment (Fig. 4.10). This environmental effect is consistent with obser-
vations in other galaxies, such as M 83, where Adamo et al. (2015) demonstrated that
variations in gas density can affect the upper mass limit of the CMF. The region be-
tween 10-14 kpc is characterized by higher gas densities due to star-forming ring in
that area, which may account for elevated M values. In contrast, weaker disruptive
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forces in the outer regions allow lower mass clusters to survive longer, potentially
contributing to the lower observed M value in the 16-20 kpc segment. It has also
been suggested that the M varies with the galactic environment on a global scale,
with higher M values observed in galaxies undergoing elevated star formation activ-
ity (Adamo et al. 2020), such as the Antennae galaxies (Larsen 2009), reinforcing the
idea that interstellar medium pressure may be a key driver of variations in the char-
acteristic mass. Furthermore, Johnson et al. (2017) have demonstrated that there is
a systematic correlation between the truncation mass of the CMF and the star forma-
tion environment, quantified by the star formation rate surface density (X5 rz). The Mc
increases with star formation intensity, following the scaling relation Mc oc (Zgrg)™'"!.

3
20xllO ,
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Figure 4.10. The characteristic mass (Mc/M;) of star clusters versus radial distance
from the centre of M 31. The Y-axis values are scaled by 10°. Vertical error bars
represent min-max limits of the fitted M¢ values. Horizontal error bars mark 16th-
84th percentile ranges. In each case, the mass function was fitted using data from
overlapping annuli of 4 kpc width, with a step of 2 kpc, covering a range from 4 to
20 kpc (see Fig.4.9).

In Fig.4.11, we illustrate the number of clusters per 0.2 dex mass interval as a
function of mass. We grouped clusters into three radial bins (4-7 kpc, 9-12 kpc, 14-
17 kpc) and plotted their distribution for different age intervals. The 9-12 kpc region
shows the highest cluster counts in the age interval of 100-300 Myr. This is expected
as the 11 kpc star-forming ring is the main site of recent and ongoing cluster forma-
tion. The inner 4-7 kpc region shows the lowest cluster numbers and relatively broad
distribution, indicating suppressed formation activity or enhanced disruption and ex-
tinction. In the outer 14-17 kpc region, 100-300 Myr cluster population exhibits a
bimodal pattern with two peaks at ~500 Mg and ~1300 Mg. This bimodal distribu-
tion may result from various factors, such as cluster fading, disruption effects, and
selection biases. Also, at this age, the 16 kpc ring partially merges with the 11 kpc
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ring (see Section4.6) in the azimuthal segment from 45° to 90°. Therefore, the sec-
ond peak could be affected by more massive clusters originating from the 11 kpc ring.
These trends point a clear radial dependence in the cluster population, shaped by both
star formation history and environmental effects across the disc of M 31.

4.5 Cluster formation history

If star clusters form continuously at a constant rate and follow a power-law of cluster
initial mass function, the number of clusters should increase over time in a mass-age
diagram. As a result, the most massive clusters in older logarithmic age bins should
appear more massive due to a statistical sampling effect. However, our data show a
noticeable absence of massive clusters with log,,(M/Ms) > 4 (Fig. 4.5a), suggesting
that the cluster formation history may not have been constant. To investigate this
further, we analyse the observed distribution of cluster age to estimate their formation
and disruption rates, applying the method outlined by Boutloukos & Lamers (2003).

The differential age distribution of clusters is displayed in Fig.4.12. We used ob-
jects more massive than 1000 Mg, in order to mitigate uneven selection effects over a
wide range of considered ages. The age distribution is reasonably well represented by
an evolutionary fading and disruption lines. The first slope is interpreted as the natural
fading of magnitudes caused by stellar evolution, while the second slope reflects clus-
ter disruption due to the galaxy tidal field or interactions with giant molecular clouds.
We used the evolutionary fading and disruption equations proposed by Boutloukos &
Lamers (2003), which are defined as {(1 — @) and (1 — @)/7, respectively. The param-
eters were taken from Vansevicius et al. (2009): @ = 2.0, { = 0.69, ¥ = 0.62, and only
vertical adjustment to the observed distribution was applied. In this context, « is the
slope value of the cluster initial mass function N(M) occ M=%, while { and y represent
the slopes from cluster evolution and disruption models, respectively.

The cluster number distribution, dN/dt (Fig.4.12), in general follows the evolu-
tionary fading line, indicating that cluster formation rate (CFR) over the last ~100 Myr
was rather constant. Adamo et al. (2015) emphasized that in most observational stud-
ies the age function of clusters shows nearly constant age distribution before ~100 Myr
and a drastic decrease above this age due to combination of cluster disruption and
sample incompleteness. They also noted that this agrees with theoretical expectations,
which rule out rapid cluster disruption for ages younger than 100 Myr in most galax-
ies. On the other hand, around ages of ~300 Myr, the effects of cluster disruption
become dominant (Boutloukos & Lamers 2003; Fouesneau et al. 2014; Johnson et al.
2017).

Around 130 Myr, the number of clusters increases, likely reflecting a higher CFR
at that epoch. The decline in differential cluster number distribution at ages older
than 300 Myr (Fig.4.12) suggests that the characteristic cluster disruption time in
the north-eastern part of the M 31 disc might be larger than 500 Myr. This finding
is broadly consistent with studies by VanseviCius et al. (2009); de Meulenaer et al.
(2017). However, because of the enhanced cluster formation and disruption at these
ages, the time when cluster disruption starts to dominate over fading can be estimated
only roughly. For comparison, Lamers et al. (2005) reported the following character-
istic disruption timescales in other galaxies: ~70 Myr in the central region of M 51,
~630 Myr in M 33, ~560 Myr in the MW solar neighbourhood, and ~8 Gyr in the
Small Magellanic Cloud.
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Figure 4.11. Number of clusters per 0.2 dex mass interval as a function of mass.
From top to bottom, we analysed star clusters within the radial intervals of 4-7 kpc,
9-12 kpc, and 14-17 kpc.
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Figure 4.12. Top: the distribution of the derived ages of clusters more massive than
1000 M. The inset shows the same cluster distribution versus the linear age scale (on
X-axis). Bottom: the differential age distribution of cluster ages (the same sample as
above). In both panels, the red and blue lines show the cluster evolutionary fading and
disruption functions, respectively. The parameters of lines are taken from Vansevicius
et al. (2009).

A notable feature in the cluster age distribution is a peak at ~200 Myr, indicating
an episode (~150-250 Myr) of enhanced CFR. This episode could have been triggered
by an encounter with the M 32 galaxy (Gordon et al. 2006; Block et al. 2006; Dierickx
et al. 2014). Gordon et al. (2006) and Dierickx et al. (2014) proposed that the collision
happened ~20 Myr and ~800 Myr ago, respectively. However, Block et al. (2006)
suggested that M 32 passed through the centre of M 31 about 210 Myr ago, leading to
the formation of the ring- and spiral-like structures observed in the disc. Additionally,
Vansevicius et al. (2009) found a prominent peak of cluster formation in the south-
western part ~70 Myr ago, which could have been triggered by the secondary passage
of M 32 in this scenario. Furthermore, studies by Lewis et al. (2015) and Williams
et al. (2017) suggest that ring structure is long-lived, older than ~500 Myr, implying
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that its origin cannot be explained solely by a recent impact event. Following Lewis
et al. (2015), who proposed that morphological features observed in the M 31 disc
might be the result from a combination of collision event and resonance rings due to
rotating bar (see Section 4.6), we suggest that CFR enhancement ~200 Myr ago could
still have been triggered by an interaction with M 32, according to the scenario similar
to that proposed by Block et al. (2006), while ring-like structure was already present
by the time of collision. We expect that future analyses of PHAST survey (Chen et al.
2025) will provide further insights into whether M 32 was indeed responsible for the
elevated CFR.

4.6 Spatial distribution

We applied a positional angle (from north to east) of the major axis of 37.7° (Chemin
et al. 2009) and an inclination of the disc of 77.5° (van der Marel et al. 2019) to
deproject the M 31 disc. The radial profile of star cluster surface number density is
shown in Fig.4.13. It is calculated for four age groups within the azimuthal segment
of 60° (from —25° to +35° around the major axis). The azimuthal range is limited
due to the narrow PHAT survey mapping and our attempt to have a complete coverage
of the observed field up to a ~20 kpc distance. The present-day star-forming rings
are located at radial distances of ~6 kpc, ~11 kpc, and ~16 kpc from the galaxy’s
centre, as estimated from the radial distribution of massive (>1000 M) star clusters
(Fig.4.13). The outer 16 kpc ring appears to partially merge with the 11 kpc ring
(Figs. 4.14, 4.15), likely due to a combination of projection effects and the presence
of a warp in the disc, as observed in HI studies (Brinks & Burton 1984; Chemin et al.
2009). In addition, the peak of 11 kpc ring is consistent with De Somma et al. (2025),
who confirmed the presence of the well-known ring at ~11 kpc through observations
of Classical Cepheids. Moreover, we find that the star-forming ring at 16 kpc is visible
only as a concentration of younger (<40 Myr) clusters. Number densities of older
cluster populations are ~4 times lower, indicating that stronger cluster formation in
the 16 kpc ring was induced only recently (Figs.4.13 and 4.14a). This region, with
elevated CFR compared to its surroundings, was also identified as OB 102 by Efremov
et al. (1987); Williams (2003).

Possible explanations for the formation of the 11 kpc ring are extensively dis-
cussed in Block et al. (2006); Gordon et al. (2006); Dierickx et al. (2014); Lewis et al.
(2015), and can be broadly classified into two main scenarios: (i) a resonance ring
induced by the presence of a central bar, or (ii) a collisional ring formed as a result
of satellite galaxy passing through the disc of M 31. There is evidence supporting the
presence of a bar in M 31, as indicated by its boxy bulge observed in infrared imag-
ing (Athanassoula & Beaton 2006; Beaton et al. 2007). However, if the 11 kpc ring
is associated with a bar, it is unlikely to be a nuclear or inner ring, which typically
form within the bar or at the end of it, respectively. If the ring is a consequence of
bar dynamics, it would most likely be an outer ring formed near the outer Lindblad
resonance (OLR), which occurs when the orbital frequency of stars or gas in the disc
resonates with the pattern speed of a bar or spiral density wave (Binney & Tremaine
2008). This interaction can lead to orbital crowding and the accumulation of gas, of-
ten resulting in the formation of ring-like structures. Athanassoula & Beaton (2006)
demonstrated that, based on comparisons between observations of M 31 and N-body
simulations, the OLR lies at ~45 + 4 arcmin, which corresponds to ~10 kpc at the dis-
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tance of M 31. The main disadvantage of this scenario is that bar-driven framework
alone cannot reproduce features such as the offset centres of the 6, 11 kpc rings, and
the central hole in the 11 kpc ring (Lewis et al. 2015).
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Figure 4.13. The radial profiles of surface number density (calculated per Myr) for
massive (>1000 M) star clusters in four age ranges within the azimuthal segment of
60° (from —25° to +35°). Some histograms are slightly offset along the X-axis for
visual clarity. The age ranges of the cluster groups are indicated in the legend.

Another widely discussed scenario is that the ring formed as a result of past inter-
action with the satellite galaxy M 32. While nearly circular in shape, the ring shows
a clear split near the location of M 32. Additionally, the spiral structure of M 31
appears weak and fragmented, suggesting that it may have been shaped by external
perturbations rather than internal processes. Block et al. (2006) and Gordon et al.
(2006) performed dynamical simulations to investigate whether a close passage of
M 32 through M 31 disc could have triggered the formation of the ring. Modelling
results demonstrated that such encounter could produce a density wave, compressing
gas into a ring-like structure and triggering star formation at a radius of ~10 kpc. Also,
Block et al. (2006) and Gordon et al. (2006) successfully reproduced both the offset
and the observed split in the ring, providing strong support for the hypothesis that
M 32 gravitational influence was a key factor. However, such collisional models face
significant uncertainties, especially in the mass and orbital parameters of M 32, both
of which play a crucial role in shaping the interaction and the resulting morphology.
Furthermore, Williams et al. (2015) identified that recent major event of star forma-
tion in M 31 occurred 2-4 Gyr ago. These ages exceed the timescales proposed by
Gordon et al. (2006) and Block et al. (2006). Therefore, it remains possible that the
observed ring morphology results from a combination of both scenarios. A more de-
tailed understanding is required to further investigate the 11 kpc ring origins. The next
step would be to perform simulations capable of following the ring’s formation and
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evolution over timescales of at least few Gyrs. These simulations should include sce-
narios such as: satellite-induced collision, bar-driven resonances, and possible hybrid
interactions between the two.

The origin of the 16 kpc ring remains uncertain, as no current models have at-
tempted to account for the presence of this ring. The offset ring could be formed due
to internal resonances, which can produce three different types or rings: nuclear, inner,
and outer. It could also be linked to the outer Lindblad resonance or corotation radius.
Specifically, the OLR lies beyond the corotation radius and is commonly associated
with the formation of outer rings. The corotation radius marks the location where
angular velocity of the stars or gas matches the pattern speed of the spiral arms or
bar. At this radius, material co-rotates with the spiral pattern, which can significantly
influence the distribution of gas and star formation (Braun 1991; Binney & Tremaine
2008).

In Figs.4.14, 4.15 we show the spatial distribution of star clusters in six age in-
tervals. Each cluster is represented as a 2D Gaussian, where o = 0.1 kpc is used for
clusters with half-light radii up to 1”. For clusters with larger half-light radii, o is
scaled proportionally by multiplying fixed o value by the half-light radius. The inten-
sity of each Gaussian is scaled by the cluster mass and normalized within each panel.
Our results show that young clusters (<170 Myr) are located in narrower star-forming
rings compared to older cluster population (>170 Myr). This suggests that clusters
initially form in dense star-forming regions and gradually disperse into the galaxy. In
the 6 kpc ring, star formation was active for 170 Myr, after which the ring feature
started to dissipate. If we assume a rotational velocity of 220 km/s at the 6 kpc ring
in M 31 (Chemin et al. 2009), and we define the dynamical time at a given radius as:
tayn = 2nr/v,, the resulting dynamical timescale at this radius is ~170 Myr. There-
fore, it takes approximately one dynamical timescale for clusters to disperse from the
inner M 31 ring. In contrast, the 11 kpc ring is long-lived and relatively stationary,
producing stars over the past 400 Myr. This implies that star formation within the ring
has persisted for at least 1.5 dynamical times. In addition, Dalcanton et al. (2012)
reported an over-density of stars older than 1 Gyr within the ring, further supporting
the long-lived nature of this structure.

By analysing the spatial distribution of younger and older cluster populations
within the 11 kpc star-forming ring, we estimated an upper limit for the radial spread
of cluster groups to be less than 0.5 kpc over ~400 Myr. This corresponds to a radial
velocity dispersion of less than ~2 km/s, which is substantially lower than average
stellar random velocity of 10 km/s (Lewis et al. 2015). Thus, we have low velocity dis-
persion for cluster groups relative to their birthplaces, implying that the actual radial
velocities and the dispersal timescales must be much lower and longer, respectively.
Consequently, star clusters serve as highly reliable long-lasting tracers of star-forming
region morphology in disc galaxies.

Additionally, Fig. 4.15 shows that older clusters (>400 Myr) exhibit a more spread-
out distribution. This could be due to: (i) star formation within the ring becoming
increasingly concentrated over time, occurring in a narrower region that likely follows
the distribution of gas within the ring; or (ii) star formation consistently occurring
near the centre of the ring, and the observed broadening at older ages reflecting the
subsequent dispersion of stars. The latter explanation is more likely, given that most
stars form in clusters which eventually disperse into the surrounding environment,
contributing to the broader stellar background (Bastian et al. 2009; Lewis et al. 2015).
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Figure 4.14. Deprojected positions of massive (>1000 M) star clusters in the galaxy
disc. The vertical coordinate at X = 0 corresponds to the major axis of M 31. Clusters
located in the disc part closer to us have negative X coordinates, clusters residing on
the more distant disc part — positive X coordinates. The circles indicate 4, 7, 9, 12, 14,
and 17 kpc distances from the galaxy centre.
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Notably, the CFR has also decreased significantly in the azimuthal segment from 45°
to 90°, as the number of clusters in this segment is lower compared to younger inter-
vals. In contrast, the azimuthal segment from —45° to 0° contains a higher number
of star clusters, even after 400 Myr. Meanwhile, in the inner disc of M 31, we ob-
serve less older clusters (Fig. 4.15), suggesting either lower formation rates or higher
disruption rates.

4.7 Structural cluster parameters

We derived the half-light radius, Rsg, and R3p, Rgy parameters from growth curves
in the F475W passband for all 1922 studied clusters. The Rsy of clusters is plotted
versus age, log,,(t/yr), in Fig. 4.16a. The Rsq values, ranging from ~0.4 pc to ~8 pc,
are distributed across a wide age range, showing no clear evolution of the Rsy with
cluster age. The decline of small-size clusters with increasing age can be attributed
to the selection effects. In contrast, large (Rso > 5 pc) and young (log,,(¢/yr) < 7.5)
objects are stellar associations.

The Rsq of clusters versus their mass, log,,(M/My), is shown in Fig. 4.16b, over-
plotted with seven lines of constant half-mass density, pso = 3M/87Rs°, ranging from
1 to 10* Mg pc~3. The majority of PHAT clusters in the north-eastern field of M 31
are compact (Rsy ~ 1.7 pc), dense (pso ~ 30 Mg pc™3), and of intermediate mass
(M ~ 1500 Mg). Characteristic cluster parameter values in the south-western field
are Rsp ~ 1.5 pc, M ~ 4000 Mg, t ~ 100 Myr (Kodaira et al. 2004; Narbutis et al.
2008; Vansevicius et al. 2009). The characteristic age and mass values of the present
sample differ due to a bias in cluster selection: ground-based observations restricted
detections to younger and more massive objects, compared to HST data. However, the
Rs values remain similar across the M 31 galaxy, suggesting that cluster compactness
is inherent across the M 31 galaxy, despite a roughly tenfold difference in the spatial
resolution of observations.

In addition, we highlight one particularly interesting cluster (red circle in Fig. 4.16)
— AP0226 (other name B380-G313) — which is relatively young (z ~ 450 Myr), large
(Rsp ~ 7.1 pc), and massive (M ~ 63 000 My). In comparison, Caldwell et al. (2009)
derived age and mass estimates for this object of  ~ 400 Myr and M ~ 28 000 M.
Although our mass estimates are larger, this confirms the conclusion by Caldwell et al.
(2009) that the AP0226 disc cluster is indeed exceptional in being both young and
massive (Fig.4.17).

In Fig. 4.18, we show distributions of clusters in the parameter space of Rso/Rgo
versus R3p/Rso, depending on their mass and age. The R3y/Rs ratio provides infor-
mation about the concentration and dominance of the core region in star clusters. The
Rso/Rgp ratio offers insights into the concentration and compactness of the outer re-
gions of the cluster. In most cases, there is significant scatter — clusters cover a wide
range of the parameter space without a clear concentration. This feature is prominent
for clusters with log,,(¢/yr) < 8 throughout the entire mass range. At higher masses
(M > 10* My), the sample contains only a few young objects. Some young clusters
have high R parameter ratios close to 1.0 in the parameter space of Rsy/Rgy versus
R30/Rsp. This observation suggests that a single star dominates the clusters’ light, as
R30, Rsp, and Rgg are nearly equal. Star clusters (# > 100 Myr) in the mass inter-
val 3.0 < log,o(M/Mg) < 3.5 show well-defined and concentrated distribution in the
parameter space of Rso/Rgp versus Riy/Rso. This implies that aperture-photometry-
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based structural parameters for such clusters can be estimated with a reasonable ac-
curacy (Daugevicius et al. 2024). Furthermore, we compare the centroid positions
of observational data (red symbols) with star cluster models (black symbols), which
are generated using the prescription presented in Section 3.5. The centroid distribu-
tion of observational data in each panel remains consistent regardless of age or mass.
However, there are some discrepancies in the Rsy/Rgy parameters, when comparing
observational and model centroids. The reason for such difference is that the model
clusters were generated without accounting for the sky background and can therefore
exhibit overly extended profiles. In contrast, real star clusters have smaller Rg values
due to the subtraction of the sky background.

4.8 Summary

We used the multicolour Panchromatic Andromeda Treasury (PHAT) survey cata-

parameters (age, mass, and colour excess) for 1922 star clusters younger than 800 Myr
in the M 31 galaxy. A subset of physical parameters for clusters are presented in Ta-
ble4.1. The derived parameters are in consistent agreement with those reported in
previous studies of the same clusters by Caldwell & Romanowsky (2016); Johnson
et al. (2022).

The determined ages of clusters indicate that the cluster formation rate in the M 31
galaxy was rather constant during the last ~130 Myr. However, at least one active star-
forming episode occurred ~(200 + 50) Myr ago. It might have been induced by the
passage of the M 32 galaxy through the M 31 disc ~210 Myr ago (Block et al. 2006).
In addition, we found that enhanced star cluster formation in the 16 kpc spiral arm
occurred only recently (<40 Myr).

We estimated a characteristic mass of the Schechter function to be M¢ = (13.33:2)-
10° M. This value supports the finding of the truncated mass function by Johnson
et al. (2017). We have demonstrated that M depends on the local galactic environ-
ment.

Younger and older cluster populations remain concentrated in the same regions
of the galaxy for extended periods, indicating a relatively slow dispersion from their
birthplaces. As a result, clusters are reliable long-lasting tracers of both recent star
formation history and the morphology of star-forming regions in disc galaxies.
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Figure 4.16. Panel (a): half-light radius, Rsy, plotted versus age, log,,(¢/yr). Panel
(b): Rsp is shown versus mass, log,,(M/Ms), and overplotted with lines of a constant
half-mass density, p, = 1, 3, 10, 30, 102,103, 10* M, pc‘3, from top to bottom, respec-
tively. The red circle marks cluster — AP0226. The colours of dots indicate the local
point density.

AP0226, R1=6.50", Rc=2.50"

F275W+F336W+F475W

Figure 4.17. Same as in Fig. 2.2, but for cluster AP0226 (B380-G313, Caldwell et al.
2009). This object is exceptional due to relatively young age (r ~ 450 Myr), size
(Rsp ~ 7.1 pc), and mass (M ~ 63 000 My).

68



2.5 < log(M/M,) < 3

3 < log(M/My) < 3.5

3.5 < log(M/M,) < 4

4 <log(M/Mp) =5

T T T ) TS
L LS BT A1 oy KR .
L —+ L] .
08 j WXeT e :-..' % 80 4 . . . in
0.6f & %" 8.0 8 L P S « Xeo "
:.’::-. . ...' < 3: R ° 0o, % . . T
0.4 .. ..O o o o o « T . ] %’«1
L] =2
0.2f o « 1 :
.
t ; t .-..... t .: é .... t t t t t t t t
08 , AN e S o Jeet 1 ©
° “ o. o * 2e®e .o '.' U
0.6F . .z = o o -i % o* ] » =
. L1 o L ") . o ° o 5
o od% P o o ol 8, . g
0.4F o.:' ® % oo I ° S
’ . e :1
0.2} * + . ~
a
x } } } } } } } } } } } } } } } }
0.8 1 o ., ] "
° ©
b T L o] ‘ i
0.6 . o . T
: B
0.4} T o ] g
v
0.2 T 1 ©
L4 °
0.8 ® g T ssd o 1 =
“'}:,:‘:' o ° x :.. ?I‘I
0.6 . ..4. . «® T od '-.( ° T ' %
0.4f o ° ” 1 . ] . E’
. %
0.2 I ] g

02 04 0.6 08

02 04 0.6 08
Rso/Rgo

02 04 0.6 08

02 0.4 0.6 08

Figure 4.18. Star cluster structural parameter, Rso/Rgo versus R3p/Rso, dependency
on cluster mass and age. Red symbols represent the centroids of each distribution,
while black symbols indicate the centroids of the corresponding cluster models for the
same age and mass. In both cases, structural parameters are measured in the F475W
passband. The colours of dots indicate the local point density.
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Appendix: Star cluster parameter derivation examples
and excluded objects

AP0004, Ry=2.30", Rc=1.30"

F275W+F336W+F475W -
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Figure B1. Same as in Fig. 4.1, but for cluster AP0004. Derived parameters for the
cluster are: age — log,o(t/yr) = 8.78, mass — log,,(M/Ms) = 4.20, colour excess —
E(B - V) = 0.09, metallicity — [M/H] = 0.0. The cluster is located between star-
forming rings, making it less contaminated by field stars. For parameter derivation,
we selected the C aperture, focusing on the central region of the cluster and excluding
several bright stars visible in the F814W, F110W, and F160W passbands.
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Figure B2. Same as in Fig. 4.1, but for cluster AP0070. Derived parameters for the
cluster are: age — log,o(t/yr) = 8.64, mass — log,,(M/My) = 3.25, colour excess —
E(B - V) =0.06, metallicity — [M/H] = 0.0. The cluster is located on the outskirts of
the M 31 galaxy, and there is no available data in the F110W and F160W passbands.
As a result, the C and T apertures are equal in size, yielding consistent parameter
estimates.
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Figure B3. Same as in Fig. 4.1, but for cluster AP1044. Derived parameters for the
cluster are: age — log,o(t/yr) = 8.28, mass — log,,(M/Ms) = 3.25, colour excess —
E(B-V)=0.22, metallicity — [M/H] = 0.0. Due to the projection of a bright star onto
the T aperture, we opted to use the parameter results derived from the C aperture.
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Figure B4. Same as in Fig. 4.1, but for cluster AP1381. Derived parameters for the
cluster are: age — log,o(t/yr) = 7.80, mass — log,,(M/Ms) = 3.10, colour excess —
E(B - V) = 0.28, metallicity — [M/H] = 0.0. The object exhibits two strong peaks in
the age probability histogram. Due to the presence of bright field star in the F110W,
F160W passbands, we chose the C aperture parameters.
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Figure C1. Same as in Fig. 2.2, but for clusters AP0012, AP0068, and AP0O077. These
objects are too old (>800 Myr) to assume solar metallicity and were excluded from
our analysis.




Conclusions

Star formation occurs in a clustered manner and raises important questions about star
cluster formation history and their mass function. Unfortunately, studying such pro-
cesses within the Milky Way is challenging due to observational limitations. There-
fore, as the nearest stellar system similar to the Milky Way, the M 31 provides the best
opportunity to explore the formation and evolution of star clusters on a broader scale.

We performed multicolour aperture photometry of 1477 star clusters in the M 31
galaxy using data from the Panchromatic Andromeda Treasury (PHAT) survey (Dal-
canton et al. 2012; Johnson et al. 2012, 2015). For each object, we applied two dif-
ferent sets of apertures: a larger, standard (T) aperture to measure the total cluster
magnitude; a smaller, adaptive (C) aperture to measure the cluster colour while mini-
mizing contamination from bright field objects. In addition, we interactively measured
the background levels for each cluster in their respective passbands to ensure accurate
photometry. Excerpts from the resulting photometric catalogues are presented in Ta-
bles 3.2 (T — aperture) and 3.3 (C — aperture).

We merged the photometric measurements presented in this study with those from
Naujalis et al. (2021), resulting in a combined sample of 2658 clusters with homo-
geneous adaptive aperture photometry. We demonstrated that our results align well
with stochastic cluster models and the T photometry results differ significantly com-
pared with the C photometry results, highlighting the importance of aperture choice
in crowded field photometry.

It is worth noting that high-precision photometry in crowded disc regions is limited
by uncertainty in sky background estimation and contamination from projected field
stars within the photometric aperture. We demonstrate that accounting for both effects
is essential for reliable flux and colour measurements. Moreover, clusters containing
post main-sequence (PMS) stars show larger scatter and higher uncertainties in their
photometry compared to objects without PMS stars. Our findings are in agreement
with Beerman et al. (2012), showing that the absence of PMS stars results in much
more consistent and well-defined cluster photometric parameters, which in turn lead
to a more reliable derivation of physical parameters.

Based on photometric measurements from the catalogues of Naujalis et al. (2021);
Krisc¢itnas et al. (2023), we derived physical parameters — age, mass, and colour ex-
cess — for 1922 star clusters younger than 800 Myr. Excerpt from the resulting pa-
rameter catalogue is presented in Table4.1. Most clusters are young (¢ < 300 Myr),
compact (Rsy ~ 1.7 pc), dense (pso ~ 30 My pc™3), and of an intermediate mass of
M ~ 1500 Mg. The derived ages reveal that the cluster formation rate in the M 31
galaxy was rather constant during the last ~130 Myr. However, a period of enhanced
cluster-forming occurred ~(200 + 50) Myr ago, which might have been triggered by
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the passage of the M 32 galaxy through the M 31 disc ~210 Myr ago (Block et al.
2006). In addition, we detect a localized burst of cluster formation within the 16 kpc
spiral arm in the last 40 Myr.

We determined a characteristic mass of the Schechter-type cluster mass function,
Mc = (13.33:2) - 10° M, This value is broadly consistent with the truncated cluster
mass function found by Johnson et al. (2017). This characteristic mass value is one of
the lowest observed for a star cluster population, providing clear evidence for a phys-
ical upper mass limit to cluster formation in M 31. Moreover, we have demonstrated
that Mc depends on the local galactic environment, with higher M¢ values concen-
trated in the star-forming ring and lower values found in the outskirts of the M 31
galaxy.

Our results show that both younger and older cluster populations remain spatially
concentrated over extended timescales, suggesting slow dispersion from their birth-
places. This makes star clusters reliable long-term tracers of recent star formation
history and the large-scale structure of star-forming regions in disc galaxies.

A global high-resolution multicolour photometric survey of the entire M 31 disc
cluster population would be highly valuable for understanding the detailed evolution
of galaxy discs. Supplementing such survey with spectroscopic observations and re-
alistic stochastic models of star clusters would provide strong constraints on the evo-
lutionary history of the Andromeda and other disc galaxies.
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Santrauka

Ivadas

Galaktiky formavimasis ir evoliucija yra viena pagrindiniy Siuolaikinés astrofizikos
problemy. Kadangi didZioji dalis galaktikose esanciy ZvaigzdZziy formuojasi Zvaigz-
dZiy spieciuose, biitent Sie objektai yra placiai taikomi norint i§spresti minétas prob-
lemas. ZvaigZzdZiy spiedius — gravitaciskai susiety ZvaigzdZiy grupé, kurioje nedo-
minuoja tamsioji materija. Detaliis spieciy steb¢jimai Pauks¢iy Take (toliau — Ga-
laktika) yra apriboti, nes spieciy aptikima Galaktikos plokStumoje komplikuoja di-
deleé tarpzvaigzdiné ekstinkcija ir ribinis stebéjimy tiris. Patikimi duomenys apie
spieCius Galaktikoje gaunami tik iki ~2 kpc spindulio (Kharchenko et al. 2013) ap-
link Saulg. Todél siekiant detalesnés ir globalios ZvaigZdédaros procesy désningumy
sampratos, ZvaigzdZiy spieciai yra stebimi morfologiskai panaSiose sistemose j miisy
Galaktika. Siam tikslui puikiai tinka artimiausia ir didZiausia diskiné galaktika — An-
dromeda (M 31). D¢l nedidelio atstumo iki M 31 mes galime iSskirti atskiras $ios
galaktikos strukttiras kaip spiralines vijas ir Zvaigzdédaros regionus, kuriy stebé¢jimai
leidZia nustatyti ZvaigZdédaros procesy priezastis, pasekmes, bei ju poveiki galakti-
kos ZvaigzdZiy populiacijy raidai. ZvaigzdZiy spietiai yra patikimi objektai M 31
struktliry nagrinéjimui, kadangi jie turi vienodo amZiaus ir metalingumo Zvaigzdziy
populiacija. Taip pat, spieCiy savybes mes galime modeliuoti jvairiuose evoliucijos
etapuose, kuriuos mes galime palyginti su realiais stebéjimy duomenimis.

Patikimi ZvaigzdZziy spieciy stebéjimai M 31 atliekami Hubble kosminiu telesko-
pu (HST). Taciau dauguma tyrimy koncentruojasi j kamuolinius spiecius, esancius
M 31 hale (Barmby et al. 2002, 2007; Caldwell et al. 2009). ISsamis disko ZvaigzdZziy
spieciy tyrimai prasidéjo su PHAT (angl. Panchromatic Hubble Andromeda Treasury,
Dalcanton et al. 2012) apZvalga, kuri aprépé Siaurés ryty regiona, einant nuo M 31
centro iki galaktikos pakra$¢iy. HST PHAT apZvalga jgalino identifikuoti ZvaigZzdZiy
spieCius, kurie prie§ tai nebuvo matomi antZeminiais teleskopais. Taip pat PHAT
stebéjimy duomenys suteikia aukstos kokybés informacija kuri yra reikalinga spieciy
parametry (amzius, mase, metalingumas, ekstinkcija) nustatymui. Vis délto, susi-
duriame ir su neapibréZtumais kurie komplikuoja parametry nustatyma. Pagrindinis
duomeny neapibréZtumo Saltinis yra amZiaus ir ekstinkcijos iSsigimimas, kai jaunas
spiecius su ekstinkcija gali turéti tokia pacia spalva kaip ir senas spiecius be ekstink-
cijos (de Meulenaer et al. 2013, 2014).

Noredami kuo tiksliau nustatyti fizinius spieciy parametrus, kuriy tikslumas tiesio-
giai priklauso nuo steb¢jimy kokybés, pirma atlikome stebéjimo duomeny korekcijas.
Johnson et al. (2012, 2015) PHAT apZvalgos Zvaigzdziy spieCiams pritaiké integraling
apertiiring fotometrija, taciau besiprojektuojancios lauko Zvaigzdés j spieCiaus apertiira
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gali iSkraipyti tikrasias spieCiaus spalvas, kas reikSmingai paveikia nustatytus fizi-
nius parametrus, kurie yra itin jautr@is spalvy pokyCiams. Beerman et al. (2012) pa-
rode, kad spie¢iy parametrai gali biiti nustatomi tiksliau, jeigu iS analizés paSalinamos
ryskios, raudonos RGB Zvaigzdes. Todel, siekdami tiksliau jvertinti spieCiy spalvas,
pritaikéme adaptyvios apertiirinés fotometrijos metoda (Naujalis et al. 2021). Sis me-
todas remiasi dviem apertiiromis: viena skirta matuoti visa spieCiaus srauta, o kita
mazesné apertlira, kuri apima tik centring spieciaus dalj yra skirta pasalinti ryskias
lauko Zvaigzdes. Sis dviejy apertiiry metodas padeda sumaZinti uterStuma ir leidzia
tiksliau iSmatuoti spieciaus spalvas. Tuomet, remdamiesi PHAT stebéjimy fotometri-
jos katalogais (Naujalis et al. 2021; KriScitinas et al. 2023), nustatéme spieciy fizinius
parametrus — amziy, mas¢ ir ekstinkcija — naudodami stochastiniy modeliy tinklelj,
bei atlikome ZvaigzdZziy spieciy evoliucijos analiz¢ M 31 diske.
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Darbo tikslas

IStirti jauny ZvaigzdZiy spieciy populiacija Andromedos galaktikoje (M 31).

UZdaviniai
o Atlikti M 31 galaktikos ZvaigzdZiy spieCiy daugiaspalve¢ apertiiring fotometrija.

e Nustatyti M 31 galaktikos ZvaigZdZiy spieciy parametrus: amZius, masé ir tarp-
zvaigzdiné ekstinkcija.

o [stirti M 31 galaktikos disko ZvaigzdZiy spieciy populiacijos savybes.

Rezultatai ir ginamieji teiginiai
1. Atlikta 1477 M 31 ZvaigzdZziy spieciy aperttrine Sesiy spalvy fotometrija.

2. Nustatyti 1922 M 31 ZvaigzdZiy spieciy parametrai: amZius, mase ir tarpZvaigz-
dine ekstinkcija.

3. M 31 galaktikos Siy dieny disko Siaurés-ryty dalyje paskutinis ZvaigzdZiy spieciy
formavimosi suaktyvéjimas jvyko prie§ ~(200 + 50) mln. m.

4. M 31 galaktikos iSoriniame 16 kpc Zvaigzdédaros Ziede aktyvus spieciy forma-
vimasis vyko tik pastaruosius ~40 mln. m.

5. M 31 galaktikos Zvaigzdziy spieciy masés skirstinys gerai aprasomas Schech-
ter’io tipo funkcija, kurios charakteringa mas¢, Mc = (13, 33’2) -10° Mo,

Autoriaus indélis

Autorius nustaté spieciy centry koordinates, pasalino nuotrauky defektus, parinko
apertiry dydZius ir interaktyviai nustaté¢ fono lygius. Kartu su bendraautoriais nu-
staté Zvaigzdziy spieciy fizinius parametrus (amZius, mas¢ ir ekstinkcija), iSanalizavo
spieciy populiacijos savybes ir parengé apertiirinés fotometrijos bei spieCiy parametry
katalogus.
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Skyrius 1

Andromedos (M 31) galaktika

1.1 lentelé. M 31 galaktikos parametrai.

Parametras Verté Saltinis
Hubble tipas SA(s)b Jarrett et al. (2003)

@(J2000); §(J2000) 00" 42™ 44,3%; +41° 16° 9" McConnachie et al. (2005)

PA. 37,7° Chemin et al. (2009)
Incl. 77,5° van der Marel et al. (2019)
Atstumas 785 = 25 kpc McConnachie et al. (2005)
(m— M)y 24,47 mag McConnachie et al. (2005)
EB-YV) 0,06 mag McConnachie et al. (2005)

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

Dinaminé masé 4,5 10" My Hammer et al. (2025)

a(J2000) ir 6(J2000) — galaktikos centro pusiaujinés koordinates (atitinkamai rektascencija ir
deklinacija); P.A. — didZiosios aSies pozicinis kampas; Incl. — polinkio kampas; (m — M)y —
atstumo modulis; E(B — V) — tarpzvaigzdiné ekstinkcija steb¢jimo kryptimi; V,,, — sukimosi
greitis ties 10 kpc atstumu nuo M 31 centro.

Andromeda (M 31) yra artimiausia diskiné galaktika Vietinéje galaktiky grupéje,
nutolusi ~785 kpc atstumu (McConnachie et al. 2005) nuo Pauksc¢iy Tako (1 = 3,8 pc;
Vansevi¢ius et al. 2009). Siek tiek masyvesné nei masy Galaktika (Pefiarrubia et al.
2016; Hammer et al. 2025), M 31 pasizymi skirtinga evoliucijos raida, kuria forma-
vo daugybé dideliy susijungimy su mazesnémis galaktikomis per pastaruosius 4 mlrd.
m. (Williams et al. 2015; Hammer et al. 2018). Sios galaktiky tarpusavio saveikos
greiCiausiai tur¢jo didelés jtakos formuojant Andromedos struktiira, Zvaigzdédaros
Ziedus ir nuo jy priklausé ZvaigZdédaros aktyvumas. Detalius M 31 struktfrinius ty-
ringjimus apsunkina didelis polinkio kampas (~77,5°, van der Marel et al. 2019), taip
pat néra aiSkaus susitarimo dél spiraliniy vijy i§sidéstymo. Viena i$ pagrindiniy M 31
galaktikos struktiiry yra gerai Zinomas 10 kpc Zvaigzdedaros Ziedas (Gordon et al.
2006; Kang et al. 2012; Lewis et al. 2015; De Somma et al. 2025), kuris yra iSkreiptas
del saveikos su kaimynine galaktika prie§ kelias deSimtis ar Simtus milijonus mety
(Gordon et al. 2006; Block et al. 2006; Dierickx et al. 2014). Disertacijoje naudojami
M 31 parametrai yra pateikti 1.1 lenteléje.

Andromedos galaktikos ZvaigzdZiy spieciy tyrimai yra vykdomi jau nuo praeito
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amZiaus septintojo deSimtmecio kur van den Bergh (1964) stebéjo 188 Zvaigzdziy
asociacijas. Véeliau Hodge (1979) atliko M 31 disko apzvalga pasitelkiant "Kitt Pe-
ak National Observatory" 4-m teleskopa. Sio tyrimo metu buvo sudarytas 403 dis-
ko ZvaigZdziy spieCiy katalogas, kuriame daugiausia buvo jauni ir rySkiausi objek-
tai. Taciau HST vaizdy analizé atskleidé, kad $i imtis buvo uZtersta, nes j ja pateko
OB asociacijos ir asterizmai (Williams & Hodge 2001b). Asterizmas — Zvaigzdziy
grupé, kuri dangaus skliaute atrodo sutankéjusi, taciau, priesingai nei tikri ZvaigzdZziy
spieCiai, nebitinai yra gravitaciskai susieta. Toliau, §io amzZiaus pradZioje Williams &
Hodge (2001b) pasitelké HST WFPC2 vaizdus, kad sudaryty keturiy jauny spieciy
spalvos-ryskio diagramas (CMD). Siy spieciy analizé parodé, kad objekty amZius
kinta 60-150 mln. m. intervale, todé¢l jie Zenkliai skiriasi nuo tradiciniy Galaktikos
kamuoliniy spieciy, kurie yra gerokai senesni (Krienke & Hodge 2007a). Sis rezulta-
tas taip pat prieStarauja ankstesniems tyrimams (Vete$nik 1962; van den Bergh 1967),
kuriuose Sie spieciai buvo klasifikuoti kaip kamuoliniai, remiantis jy spalvy matavi-
mais.

Per pastaruosius du deSimtmecius buvo publikuoti jvairas M 31 Zvaigzdziy spieciyg
katalogai (Barmby et al. 2000; Galleti et al. 2004; Kim et al. 2007; Caldwell et al.
2009, 2011). Barmby et al. (2000) pristaté 435 spieciy ir kandidaty UBVRI bei JHK
fotometrija. Taciau tik 268 objektams yra prieinama optiné fotometrija keturiose ar
daugiau juosty, o 224 turi tik infraraudona (IR) fotometrija. Galleti et al. (2004)
pasinaudojo "2 Micron All Sky Survey" duomeny baze ir identifikavo 693 Zinomus
bei kandidatus j kamuolinius spiecius M 31 galaktikoje, pristatydami "Atnaujinta Bo-
lonijos kataloga". Kim et al. (2007) atliko plataus lauko stebé¢jimus ir atrado 113
naujy ZvaigzdZziy spieciy bei 258 galimus objektus, kurie galéty biti klasifikuojami
kaip spieciai. Caldwell et al. (2009) paskelbé nauja 670 tikétiny ZvaigzdZiy spieciy
kataloga, pateikdami tikslias koordinates i§ "Local Group Galaxy Survey" ir "Digi-
tized Sky Survey" duomeny. Nepaisant Siy pastangy, sukurti i§samy ir homogeniska
M 31 disko zvaigzdZiy spieciy kataloga pasirodé esa sudétinga. Dauguma darby orien-
tavosi | kamuolinius ZvaigzdZiy spiecius, kuriy Zvaigzdés yra koncentruotos j centra.
Sie objektai yra masyvas, ryskas ir sferiniai, todél juos lengviau stebéti M 31 halo
srityje. Tuo tarpu aptikti santykinai blankius spiecius, kurie projektuojasi M 31 diske
buvo sudétinga.

ISsamesni disko ZvaigZdziy spieciy tyrimai prasidéjo atsiradus HST (Williams &
Hodge 2001b,a). Taciau spieCiy imtys buvo per maZos (Barmby et al. 2009; Peri-
na et al. 2010) arba nehomogeniskos (Krienke & Hodge 2007a, 2008; Hodge et al.
2009), kad buty galima daryti i§vadas apie M 31 disko evoliucija ar formavimasi.
Pirmasis homogeniskas ZvaigzdZziy spieciy tyrimas buvo atliktas pietvakarinéje M 31
dalyje (Kodaira et al. 2004; Narbutis et al. 2008; Vansevicius et al. 2009). Naudo-
jant Subaru teleskopa, M 31 diske buvo identifikuoti 238 Zvaigzdziy spieciai. Po
keliy mety seké PHAT tyrimas Siaurés ryty dalyje (Dalcanton et al. 2012), kuris pa-
pildé disko ZvaigZzdziy spieciy imtj mazdaug 10 karty. Visai neseniai buvo atliktas
PHAST (angl. Panchromatic Hubble Andromeda Southern Treasury) tyrimas (Chen
et al. 2025), kuris yra gretimas PHAT apZvalgai ir apimantis pieting M 31 puse,
taip dar labiau iSpleCiantis ZvaigZdziy spieciy tyrimus. Tad galima teigti, kad vie-
nas didziausiy i$$ukiy nagrinéjant spieciy formavimasi ir evoliucija slypi stebéjimy
ir matavimy sudétingume, bei ribotuose imc¢iy dydZiuose, kurios daZnai jtraukia tik
didelés masés spiecius (Krumholz et al. 2019).
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Skyrius 2

Stebéjimy duomenys

2.1 PHAT apzvalga

Andromedos galaktikos ZvaigZzdZiy spieciy tyrimams naudojome HST PHAT apZval-
gos duomenis (Dalcanton et al. 2012), kurie yra paimti i§ "Hubble Legacy Archive"
(HLA)'. PHAT steb¢jimai yra padalinti j 23 statiakampius blokus, kurie yra sunume-
ruoti didéjimo tvarka einant nuo galaktikos centro. Kiekvienas blokas yra sudary-
tas i§ 18 HST steb¢jimo laukeliy, kurie yra iSdeéstyti 6 x 3 tinkleliu. Vienas blokas
danguje padengia 12’ x 6,5’ dydzio lauka. Zvaigzdziy spie¢iy steb&jimai yra atlik-
ti SeSiose fotometrinés juostose naudojant tris HST kameras. Nuotraukos optingje
srityje gautos ACS/WFC kamera naudojant F475W ir F814W filtrus, artimoje ult-
ravioletineje srityje gautos WFC3/UVIS kamera naudojant F275W, F336W filtrus,
artimoje infraraudonoje srityje gautos WFC3/IR kamera naudojant F110W, F160W
filtrus. Taip pat PHAT apZvalgoje skirtingy fotometriniy juosty (FJ) nuotraukos tu-
ri skirtingg pasikartojanciy ekspozicijy skaiciy: F475W turi penkias ekspozicijas,
F814W ir F160W — keturias, F275W ir F336W —dvi, F110W — viena.

2.2 Spieciy imtis

PHAT apzvalgai yra publikuotas 2753 spieciy katalogas (Johnson et al. 2015) su in-
tegruota fotometrija. Pirmoji katalogo dalis (N = 1181) buvo iStirta Naujalis et al.
(2021) pasitelkiant adaptyvia apertiiring fotometrija. Misy tikslas yra iSnagrinéti
likusia kataloga dalj (N = 1572) pritaikant ta paciag metodika. Atlikus vizualing vaizdy
analize (2.1 pav.) i§ savo nagrin¢jamos imties paSalinome 90 objekty, kurie turéjo
signala tik F475W ir F814W filtruose. AP1848 ir AP2446 objektus iSmetéme dél
fone besiprojektuojancios galaktikos. AP1588, AP1661 ir AP2687 objektai savo nuo-
traukose turi rySkiy ZvaigZdziy atspindj arba emisijos linijas, dél to mes jy taip pat
atsisakéme. AP3630, AP4034, AP4132 objektai turi nepataisomus tusciy pikseliy
defektus F475W FI. Trys spieciai — AP0239, AP1782, AP3306 — savo apertiroje
turéjo dvi skirtingas populiacijas, dél to mes juos atskyréme ir antrus komponen-
tus pazyméjome: AP60239, AP61782, AP63306. Kiekvienam spieciui individualiai
taip pat perzZilir¢jome nuotraukas ir parinkome geriausius F275W, F336W, F110W,

Thttps://hla.stsci.edu
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AP0018, R,

2.1 pav. Spieciaus AP0018 nuotrauka su jvairiomis filtry kombinacijomis (virSuje) ir
visose SeSiose fotometrinése juostose (apacioje). Fotometriniy juosty pavadinimai ir
kombinacijos pateiktos nuotrauky apatinéje dalyje. Mélynas, Zalias ir raudonas apskri-
timai Zymi Johnson et al. (2015), T ir C apertaras atitinkamai. Kiekvienos nuotraukos
dydis 10” x 10”. Intarpas nuotraukos virSuje rodo spieciaus pozicija M 31 galaktikoje.

F160W FJ laukelius, parinkdami variantus kurie turi didZiausia signalo-triuk§mo-
santykj (S/N), bei kurie pasiZymi maziausiu kosminiy spinduliy kiekiu. 11 objekty
F110W, F160W laukelius pakeitéme, nes jie netur¢jo jokio signalo; 64 objektams pa-
keiteme F275W, F336W laukelius, kadangi nauji variantai turéjo geresnj S/N santykj
ir maziau kosminiy spinduliy defekty.

2.2.1 Defekty valymas

D¢l maZo ekspozicijy skaiciaus F275W ir F336W FI yra iSlike kosminiy spinduliy
defektai. Kosminiai spinduliai yra aukstos energijos dalelés, kurios smiigio metu per-
duoda energija detektoriaus pikseliams, sukurdamos signalus, imituojancius iSorinius
Sviesos Saltinius. Todel kosminiy spinduliy defektai gali atrodyti panasas | ZvaigZzdi-
nius objektus. Kiekvienas defektas esantis Johnson et al. (2015) apibréztoje spieCiaus
apertiiroje buvo i§valytas naudojant imedit funkcija IRAF? pakete (Tody 1986). Si
funkcija leidZia pazyméti nuotraukos sritj, kurioje yra defektas ir interpoliuoti ja i
statistiSkai aplinkinj fona. 2.2 pav. yra spieCiaus pavyzdys spalvotoje nuotraukoje
(F2T5W+F336W+F475W), kur yra pavaizduotas objektas prie§ kosminiy spinduliy
iSvalyma ir po. Abejose nuotraukose kosminiai spinduliai matomi kaip Zalios ir/arba
melynos démeés, neturinéios atitikmeny kituose filtruose. Siy deémiy dydis gali skirtis
nuo keliy pikseliy iki keliy deSimciy, dél to jas yra sunku iSvalyti naudojant auto-
matinius metodus. Kartais defektai gali persikloti su ZvaigZdémis. Tokie atvejai yra
aptinkami pasitelkiant augimo kreives ir atitinkamos fotometrinés juostos yra atme-
tamos. Nors akivaizdis defektai buvo paSalinti vizualinés patikros metu, kai kuriais
atvejais nepastebeti kosminiai spinduliai galéjo likti.

Kai kuriose nuotraukose taip pat pasitaike tusciy pikseliy. Tai ypac¢ budinga F110W

2https://iraf- community.github.io
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2.2 pav. Spieciaus AP0O060 nuotrauka F275W+F336W+F475W fotometriniy juosty
kombinacijoje.  Kair¢je parodytos nevalytos F275W ir F336W nuotraukos su
kosminiy spinduliy defektais (Zali ir melyni objektai), deSingje tas pats objektas po
iSvalymo.

filtrui, kuris neturi pasikartojanciy ekspozicijy. Tokiu atveju mes priskyréme astuoniy
supanciy aktyviy pikseliy verciy vidurkj. TaCiau tais atvejais, kai po Sios proceduros
apertiiroje liko bent vienas nekoreguotas pikselis, matavimy Sioje FJ atsisakéme.

2.2.2 Centro koordinaciy nustatymas

Pastebejus, kad spiecius yra blogai sucentruotas, naujas centry koordinates parinko-
me atsizvelgdami j F336W, F475W ir F814W FJ. Sie filtrai buvo pasirinkti, nes jie
yra maZiau paveikti lauko ZvaigzdZiy, todel galime aiskiau identifikuoti spieciy cen-
trus. Centro koordinates pakoregavome 1331 spie¢iams naudodami DS9 programing
iranga (Joye & Mandel 2003). Daugeliu atvejy koordinatés buvo pakeistos tik keliais
pikseliais, i$skyrus ZvaigzdZiy asociacijas, kuriose daugiausia pasirinkome j spiecius
panasias sritis.
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Skyrius 3

Aperturiné fotometrija

Siame darbe pritaikéme adaptyvios apertiirinés fotometrijos metoda, kuris buvo prista-
tytas Naujalis et al. (2021). Naudodami atnaujintas koordinates, kiekvienam spieciui
nubraiZzéme augimo kreives visose SeSiose fotometrinése juostose, pritaikant 0,01
Zingsnj. SpieCiams su maZoms apertiromis buvo taikomas minimalus 5" matavimo
spindulys, kad bity uZtikrintas pakankamas dangaus fono padengimas.

Toliau kiekvienam analizuojamam spieciui buvo parengtas nuotrauky rinkinys (2.1
pav.) su augimo ir diferencialinémis kreivemis (3.1 pav.), bei parinktos dvi naujos
apertiros. 2.1 pav. Zalias apskritimas Zymi pilnuting, T apertiira, kuri yra skirta ma-
tuoti pilnutinj ry$ki F475W fotometrinéje juostoje ir apimanti kuo daugiau spieCiaus
$viesos; raudonas apskritimas Zymi spalving, C apertiira, kuri skirta matuoti spieciaus
spalva ir parinkta taip, kad i ja pakliity kuo maZziau lauko Zvaigzdziy, kurios gali
i8kraipyti objekto spalva.

3.1 pav. pavaizduotos spieciaus AP0018 augimo kreivés (virSuje) ir diferencia-
liniai profiliai (apacioje) kiekvienoje FJ. Vertikalios raudonos ir Zalios linijos Zymi
atitinkamai Rc ir Ry apertiry spindulius. Zalios horizontalios linijos rodo i§ T srauty
gautus rySkius. Neigiamos vertés diferencialiniame profilyje rodo, kad iSmatuotas sig-
nalas Sioje srityje yra maZesnis uZ atimta vidutinj fono lygj. Tuo tarpu jvairds pikai
rodo iSskirtas rySkias zZvaigzdes ir pabréZia aplinkinio dangaus fono sudétinguma.

Zvaigzdziy spie¢iy ir jy aplinkinio dangaus fony jvairové apsunkina atskiry spie-
Ciaus Zvaigzdziy atskyrima nuo lauko objekty. Taciau daugeliu atvejy, naudojant dau-
giaspalvius spieciy vaizdus (2.1 pav.) kartu su spieciy profiliais (3.1 pav.), pavyko
nustatyti optimalius Rc ir Ry aperttry spindulius.

3.1 Fono lygio nustatymas

Spieciy supantj fona sudaro spieciui nepriklausancios M 31 galaktikos disko Zvai-
gzdés, foninés galaktikos ir besiprojektuojancios Galaktikos Zvaigzdes. Taip pat di-
dZioji dalis M 31 ZvaigZzdZiy yra pilnai arba tik dalinai i$skirtos, tad fonas M 31 dis-
ke yra netolygus. Fono lygio nustatymo sudétingumas lemia, kad tai yra vienas i
didZiausiy neapibréZtumy $altiniy apertiirinéje fotometrijoje. Norint i§spresti fono ly-
gio nustatymo problema, yra pasitlyta nemazai automatiniy algoritmy (Barmby &
Huchra 2001; Krienke & Hodge 2007b; Johnson et al. 2012), taciau jy patikimumas
yra ypa¢ Zemas itin tankiose srityse kaip M 31 diske. Kadangi automatiniai metodai
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3.1 pav. Spieciaus AP0018 augimo kreives (virSuje) ir diferencialiniai profiliai (apa-
¢ioje). Vertikali raudona ir Zalia linijos rodo Rc ir Ry aperttiry spindulius. Horizontali
Zalia linija rodo ties T apertira gauta ryskj.

skirtingose FJ duoda nenuoseklius fono lygio rezultatus, dél to kiekvienam spie€iui
nubraizéme augimo/diferencialinio srauto profilius (3.1 pav.) ir interaktyviai parin-
kome atitinkamus fono lygius. Diferencialiniai profiliai (apatiniai skydeliai 3.1 pav.)
rodo atskiry Zvaigzdziy arba defekty sukeltas fliuktuacijas ir buvo itin svarbis priimant
sprendima dél aperttiry parinkimo. Ypatinga démesj skyréme ryskiy lauko Zvaigzdziy
tiksliai korekcijai F110W, F160W FIJ. Taip pat kosminiy spinduliy defektams, kurie
ypac ryskis ultravioletinése (UV) fotometrinése juostose. Fono lygius pakoregavome
interaktyviai kiekvienai FJ, siekiant padaryti plok§c¢ias augimo kreives ir diferenciali-
nius profilius priartinti prie nulio dangaus fono nustatymo srityje.

Naudodami spieciy nuotrauky analizg, augimo kreives ir diferencialinius profilius,
mes nustatéme tikslius fono lygius visose SeSiose fotometrinése juostose. Deja, inte-
raktyvus fono nustatymo metodas turi du pagrindinius trikumus — tai labai daug laiko
reikalaujantis procesas, kuris gali jvesti ir sistemines paklaidas, jeigu fonas turi labai
sudétinga struktara.

3.2 Apertury parinkimas

Norédami sumazinti besiprojektuojanciy lauko zZvaigzdziy poveikj spieCiy apertirose,
mes parinkome dvi koncentrines apertiiras: T ir C. Pagrindinis T apertiiros parin-
kimo kriterijus, kad ji nekirsty rySkiy lauko objekty, kurie galéty stipriai paveikti
spieCiaus matavimus; C apertliros parinkimo kriterijus buvo i§vengti rySkiausiy lauko
Zvaigzdziy jy viduje (2.1 pav.). Misy parinkti T apertiry spinduliai kinta nuo ~1”,
maziems ir kompaktiSkiems spieciams, iki ~4’” kamuoliniams spie¢iams ir ZvaigzdZiy
asociacijoms.
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3.1 lentelé. M 31 galaktikos ZvaigzdZziy spieCiy T aperttros fotometrijos rezultatai.

AP RA(2000)9 DEC(2000)” Ry® F275Wr F336Wy F475Wp F814Wr FI110Wr F160Wr

12 11,45697 41,65734 1,95 21,201 20,491 19,887 18,384 17,784 17,124
0,082 0,017 0,005 0,004 0,005 0,007
17 11,49040 42,02750 1,80 20,857 20,724 20,377 19,523 19,326 19,066
0,057 0,019 0,005 0,006 0,013 0,020
18 10,87149 41,57674 1,80 20,035 19,946 19,860 19,128 18,171 17.364

0,030 0,010 0,006 0,013 0,020 0,019
Pastabos. Lenteléje pateikta tik dalis pirmy trijy spie¢iy duomeny. “RA(2000) ir DEC(2000)
pusiaujinés koordinatés laipsniais. T apertiiros spindulys kampinéms lanko sekundéms. ©T
aperttros paklaidos (or) kiekvienoje fotometrinéje juostoje.

3.2 lentelé. M 31 galaktikos ZvaigzdZziy spieciy C apertaros fotometrijos rezultatai.

AP RA(2000)@ DEC(2000)@9 Rc®  F275Wc F336Wc F475Wc F814We F110We F160Wc

12 11,45697 41,65734 0,80 21,533 20,539 19,887 18,547 18,083 17,543
0,103 0,017 0,005 0,007 0,009  0,010©
17 11,49040 42,02750 0,95 20,898 20,660 20,377 19,715 19,595 19,406
0,055 0,017 0,005 0,009 0,014 0,023
18 10,87149 41,57674 0,90 20,055 19,896 19,86 19,534 19,423 19,081
0,024 0,010 0,006 0,013 0,031 0,045

Pastabos. Lenteléje pateikta tik dalis pirmy trijy spie¢iy duomeny. “RA(2000) ir DEC(2000)
pusiaujinés koordinatés laipsniais. ®’C apertiiros spindulys kampinéms lanko sekundéms. ©C
aperttiros paklaidos (o¢) kiekvienoje fotometrinéje juostoje.

Zvaigzdziy spietiy ryskiai, naudojant C apertiira, buvo skaitiuoti pagal formule:
FIW = F?Wc—F475Wac, kur "?" Zymi HST fotometrinés juostos pavadinimg, F?W¢
— ryskiai iSmatuoti naudojant C aperttira, F475W oc — apertiiriné korekcija. Kadangi
naudojama C apertiira neapima dalies spieciaus Sviesio, todél jo jskaitymui naudoja-
me pilnutinj ryskj iSmatuota F475W filtre ir apertiiring korekcija skaiCiuojame pagal:
FATSWac = FATSWr — FAT5Wc. Mes pasirinkome F475W filtra, nes jis turi aukSta
S/N santykj, bei néra stipriai paveiktas ryskiy RGB Zvaigzdziy kaip F814W.

2.1 ir 3.1 pav. naudojame kaip pavyzdZius, kuriuose parodome kodé¢l pasirinko-
me atitinkamas aperttiras. Pagrindinis C apertiiros pasirinkimo kriterijus buvo ryskiy
IR 7vaigzdziy buvimas j Siaure ir pietus nuo spieGiaus. Sios i§skirtos lauko Zvai-
gZzdés taip pat matomos ir diferencialiniame profilyje F814W, F110W, F160W FJ
(3.1 pav.). Siekdami iSvengti Siy rySkiy ZvaigzdZiy jtraukimo, kurios gali paveik-
ti spieCiaus spalva, pasirinkome mazesng¢ C apertira. Pagrindinis T apertiiros pasi-
rinkimo kriterijus buvo i§vengti ryskiy Zvaigzdziy suskirstymo ties aperttros krastu.
3.1 pav. diferencialiniai profiliai taip pat padéjo parinkti tinkamas T apertiiras, kuriy
spindulys nebiity ant iSskirty zZvaigzdziy maksimumy. ISmatuoti T rySkiai spieCiui
AP0018 visose FJ yra pavaizduoti 3.1 pav. Zaliomis horizontaliomis linijomis. Zalios
ir raudonos vertikalios linijos atitinka T ir C apertiiry spindulius.

3.3 Fotometrijos rezultatai

Gauti katalogo rezultatai su paklaidomis, 1477 spieCiams, yra pateikti 3.1 ir 3.2 len-
telése. Norédami parodyti visa ZvaigZdziy spieciy apertiirinés fotometrijos imtj, toliau
nagrin¢jama kataloga (N = 1477) sujungéme su Naujalis et al. (2021) publikuotu ka-
talogu (N = 1181). Siuos rezultatus panaudojome panagrinéti skirtumus tarp spalvos
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indeksy (3.2 pav.), kurie yra gauti i§ T ir C ryskiy. Skirtumai tarp spalvos indeksy
atsiranda dél to, nes C apertliros buvo parinktos taip, kad iSvengty ryskiausiy lauko
zvaigzdZziy. Kiti fotometrijai jtaka darantys parametrai, tokie kaip ZvaigZzdZiy spieciy
centrai, T apertiry dydZiai ir dangaus fono lygiai, abiem apertiiroms lieka tie patys.
Gauti spalvos indeksy skirtumai rodo matavimy jautruma lauko objektams ir pabrézia
$io tyrimo metu iSkeltas problemas. DidZiausi skirtumai yra matomi 3.2f pav., kurie
atsiranda dél padrikai i$sidésCiusiy, pavieniy lauko Zvaigzdziy. RySkesniems objek-
tams $ios pavienés Zvaigzdes neturi tokios didelés jtakos, todél spalvy skirtumai yra
mazesni. Tuo tarpu UV FJ turi maziausia S/N santykj, dél to padidéja sklaida blyskes-
niems spieciams (3.2a pav.). MaZiausi spalvy skirtumai yra stebimi F336W — F475W
spalvose (3.2b pav.), kadangi Siose FJ lauko Zvaigzdés turi maZiausios jtakos ir yra
pakankamai didelis S/N santykis.
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3.2 pav. Skirtumai tarp spalvos indeksy, gauty i§ T ir C ryskiy (spalvos indeksas,
apskaiciuotas i$ T ryskiy, atimtas iS spalvos indekso, apskaiciuoto i§ C ryskiy).

Norédami patikrinti fotometrijos duomeny kokybe, gautus rezultatus palyginome
su stochastiniais Zvaigzdziy spieciy modeliais, kuriy amZius kinta nuo logo(#/yr) =
6,6 iki 10,1, masé nuo 10*> Mo iki 10° Mg, metalingumas [M/H] nuo —2,2 iki +0,4.
Modeliai buvo sugeneruoti naudojant ta paciag metodika kaip Deveikis et al. (2008);
de Meulenaer et al. (2017); Daugevicius et al. (2024), remiantis "PAdova ir tRieste
Stellar Evolutionary Code" (PARSEC)-COLIBRI izochronomis' (Marigo et al. 2017).
Ekstinkcijos nepaveikti modeliai yra pavaizduoti 3.3 ir 3.4 pav. pilka spalva fone.

3.3 pav. yra pateiktos jvairiy kombinacijy spalvos-spalvos diagramos rezultatai T
aperttirai (a-c skydeliai) ir C apertarai (d-f skydeliai). Fone pilka spalva atvaizduoti
stochastiniai spie¢iy modeliai. TarpZvaigZdines ekstinkcijos vektoriai yra pavaizduoti
kiekvienos panelés apacioje. DidZiausi skirtumai tarp T ir C rySkiy stebimi IR FJ,
kurie atsiranda dél didesnio lauko ZvaigzdZiy uzterStumo. Taip pat jauniausiy zZvaigz-
dziy spieciy C apertiiros fotometriniai rezultatai yra maZiau patikimi, nes iSmatuoti
srautai yra labai silpni F110W, F160W filtruose (3.3f pav.). Tuo tarpu UV spalvos

Thttp://stev.oapd.inaf.it/cgi-bin/cmd
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3.3 pav. Spalvos-spalvos diagramos rodancios T apertiiros fotometrijos rezultatus (a-c
skydeliai); ir C apertiiros fotometrijos rezultatus (d-f skydeliai). Fone pilka spalva yra
pavaizduoti stochastiniai modeliai, kuriy mases kinta nuo 10? iki 10° My. Rodyklés
rodo ekstinkcijos vektorius, kai Ay = 1 mag.

(F336W — F475W)+1c

1 2 1 2
(FA75W — F814W)r (FA75W — F814W)c

3.4 pav. Spalvos-spalvos diagramos rodancios T ir C aperttirinés fotometrijos rezul-
tatus. Fone pilka spalva yra pavaizduoti stochastiniai modeliai, kuriy mases kinta nuo
10? iki 10° Mo. Indeksas TC rodo, kad spalvos indeksas yra skaiiuotas atitinkamai T
ir C apertiirine fotometrija a ir b panelése. Rodyklés rodo ekstinkcijos vektorius, kai
Ay = 1 mag.
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indeksy tikslumas (3.3a,d pav.) yra apribotas dél Zemo S/N santykio. Nutol¢ objek-
tai 3.3d-f pav. daznai turi sudétinga aplinkinj dangaus fona kurj sunku jvertinti net
ir interaktyviu metodu. Taip pat spieciai turi j C apertiiras patenkancias ryskias lau-
ko ZvaigZzdes kuriy nejmanoma iSvengti. Dalis spieCiy yra paveikti tarpZvaigzdinés
ekstinkcijos ir yra iSskiriamas sistematinis spalvos indeksy poslinkis, lyginant stebi-
mus spieCius su modeliais. 3.4a pav. pateikiami fotometrijos rezultatai, kurie gauti
taikant T aperttiras F336W, F475W ir F814W FJ; 3.4b pav. fotometrijos rezultatai
naudojant C apertiiras. DidZioji dalis spieCiy gerai dera su stochastiniais modeliais,
kurie yra atidéti pilka spalva fone. Lyginant C ir T apertiiry fotometrijos rezultatus, C
fotometrijos rezultatai geriau dera su ZvaigzdZiy spieciy modeliais.

3.4 Stochastiniai Zvaigzdziu spieciu efektai

Spieciaus ZvaigzdZziy stochastiSkumas yra vienas i$ pagrindiniy faktoriy, nuo kuriy
priklauso fiziniy parametry tikslumas naudojant aperttring fotometrija. Tam tikslui,
norédami iStirti stochastinius ZvaigzdZiy spie€iy efektus apertiiringje fotometrijoje, pa-
naudojome dirbtinius spieciy modelius. Detalus spie¢iy modeliavimo algoritmas yra
aprasSytas DaugeviCius et al. (2024).

Zvaigzdziy spie¢iy mases sugeneravome pritaikant Kroupa (2001) pradiniy masiy
funkcija (IMF), kuri nurodo Zvaigzdziy skaiciy konkre¢iame maseés intervale. Zvaigi-
des generavome intervale, kurio ribos kinta nuo 0,1 Mg, iki 100 M. Tada kiekvienai
sugeneruotai Zvaigzdei priskyréme ryskius, suinterpoliuvodami PARSEC-COLIBRI izo-
chronas (Marigo et al. 2017), parinkdami atitinkamo amZiaus ir masés ZvaigzdZiy
spieciaus modelj. Visiems dirbtiniams spie¢iams daréme prielaida, kad jie yra saulés
metalingumo ir su nuline tarpZvaigzdine ekstinkcija. Siekiant sumodeliuoti realistis-
kus dirbtinius spiecius, panasius | M 31 objektus, izochronas interpoliavome SeSiose
PHAT apzvalgos HST fotometrinése juostose, apimancias spektrinj diapazona nuo
0,25 iki 1,6 um.

Siekiant iSnagrinéti stochastinius efektus, nagrinéjamus objektus suskirstéme pa-
gal amZiy ir masg, naudojant spalvos-spalvos ir spalvos-rySkio diagramas (3.5 ir 3.6
pav., Daugevicius et al. 2024). Siuose grafikuose taip pat atidéjome nestochastinius
SSP Zvaigzdziy spieciy modelius su saulés metalingumu (Marigo et al. 2017). 3.5,
3.6 pav. galime iSskirti, kad maZos mases spieciai (log;o(M/My) < 4,0) pasizymi di-
desne sklaida, kur spalvos indeksai ir srautai kinta per kelis rySkius. Toks pat efektas
buvo stebimas ir Deveikis et al. (2008); Fouesneau & Langon (2010); de Meulenaer
et al. (2013) darbuose. Fotometriniy parametry sklaida yra stipresné jaunesniems ir
maZesnés mases spieCiams. Tai rodo, kad stochastiSkumas gali sukelti didelius ne-
apibréztumus ir iSsigimimus (Worthey 1994; Bridzius et al. 2008) nustatant spieciy
parametrus kaip: amZiy, mase¢, metalinguma ir ekstinkcija. Taip pat, ryskiausi spieciai
sumasemis log,,(M/My) =2,5irlog,,(M/My) = 3,5, pasiZymi panaSiomis spalvomis
ir rySkiais nagrinéjamam spalvy ir ryskiy intervale, kadangi spieciy srauta dominuoja
viena arba kelios rySkios UV ZvaigZzdés.

MaZos masés spieciams, jaunesniems nei 1 mlrd. m., dél stochastiSkumo atsiranda
dvi fotometriskai skirtingos objekty grupés (3.5, 3.6 pav.). Pirmoji grupe (G1) yra su-
daryta i§ spieciy, kurie neturi po pagrindinés sekos (PMS) ZvaigzdZiy, o antroji grupé
(G2) apima spiecius kurie turi bent vieng PMS Zvaigzde. Skirtumas tarp $iy grupiy yra
ypac pastebimas jauniems amziams (<100 mln. m) ir maZe¢ja spieciams senstant. G1
Zvaigzdziy spieciai pasizymi nuoseklesniais ir patikimesniais fotometriniais matavi-
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mais, uzimdami gerokai mazesnj plota spalvos-spalvos ir spalvos-ryskio diagramose.
Tuo tarpu G2 spieciai yra raudonesni ir apima platesnj spalvos indeksy intervala. Cia
norime atkreipti démesj, kad maZos masés (log,,(M/My) < 4,0) spieiams reikSmingi
fotometriniai skirtumai tarp $iy dviejy grupiy atsiranda dél keliy, o daZniausiai — vie-
nos ryskios PMS Zvaigzdeés, kurios srautas dominuoja prie§ likusia spieCiaus Sviesa.
Sie rezultatai atitinka Beerman et al. (2012) i§vadas ir rodo, kad patikima spieciy fo-
tometrija su fiziniais parametrais gali bati gauta tiksliau, jei Sios ryskios Zvaigzdés yra
pasalinamos arba jy iSvengiama atliekant aperttring fotometrija.

log(M/Mo) = 2.5

log(M/Mo) = 3.0 log(M/Mo) = 3.5
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3.5 pav. Spalvos-spalvos diagramos dirbtiniams ZvaigzdZziy spieCiams (Daugevicius
et al. 2024). Kiekvienoje panel¢je yra parodyti apertiirinés fotometrijos rezultatai
skirtingo amZiaus ir masés grupems. G1 grupé nurodo, kad §ie spieciai neturi PMS
zvaigzdZiy; G2 grupé nurodo spiecius kurie turi bent viena PMS ZvaigZzdg. Juodos
linijos (iStisineés — be tarpZvaigZdineés ekstinkcijos; punktyrinés — Ay = 1, naudojant
Fitzpatrick 1999 ekstinkcijos kreive) PARSEC-COLIBRI nestochastiniai SSP mode-
liai su saulés metalingumu (Marigo et al. 2017), kuriy amZius kinta nuo 10 mln. m.
iki 12,6 mlrd. m. Matavimai yra atlikti naudojant R,, = 3,0 arcsec spindulio apertiira.

Toliau kiekvienoje paneléje atidéjome SSP modelius (3.5, 3.6 pav.) ir parodéme,
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kad su jais negalime nustatyti tiksliy parametry mazos masés ir jauniems spieciams.
SSP modeliai yra pasiskirste srityse tarp dviejy grupiy (G1 ir G2), kur stochastiniy
modeliy néra daug. Zinoma, reikéty pabréZti ir tai, kad SSP modeliai gan gerai sutam-
pa su stochastiniais modeliais, kai spieiy amZius >1 mlrd. m.

log(M/Mg) =2.5 log(M/My) = 3.0 log(M/Mg) =3.5
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3.6 pav. Tas pats kas 3.5 pav., tik yra pavaizduotos spalvos-ryskio diagramos.

3.5 Apibendrinimas

Atlikome daugiaspalve aperttiring fotometrija 1477 Zvaigzdziy spie¢iams, naudojant
M 31 galaktikos PHAT apZzvalgos (Dalcanton et al. 2012; Johnson et al. 2012, 2015)
objektus. Fotometrijai naudojome dvi apertiras: pilnuting (T) ir spalving (C). T ir C
aperttiry fotometrijos rezultaty katalogo iStrauka pateikta 3.1 ir 3.2 lentelése.

3.4 pav. pateikéme spalvos-spalvos diagrama, kurioje yra pavaizduoti adaptyvios
apertiirinés fotometrijos matavimai visai PHAT apZvalgos spieciy im¢iai (i§ viso 2658
objektai). Cia i§skyréme du svarbius aspektus: miisy fotometrijos rezultatai gerai dera
su stochastiniais spieciy modeliais; T fotometrijos rezultatai (3.4a pav.) Zymiai skiriasi
nuo C fotometrijos rezultaty (3.4b pav.).
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Taip pat, norime pabrézti dvi pagrindines problemas, susijusias su Zvaigzdziy
spieciy fotometrijos metodu, kurios riboja rezultaty tiksluma tankiose srityse: (i) dan-
gaus fono nustatymo neapibréZtumai ir (ii) lauko Zvaigzdziy projekcija j aperttiras.
Todel tikslus apertiirinés fotometrijos rezultatai M 31 diske gali biiti garantuojami tik
kruopsc€iai jvertinus minétas problemas.

Mes parodéme, kad spieciy su PMS Zvaigzdémis (G2) fotometriniai rezultatai Zen-
kliai skiriasi lyginant su spieciais, kuriuose néra PMS Zvaigzdziy (G1). G2 spieciai pa-
sizymi didesne sklaida fotometrinéje erdvéje ir didesniais matavimy neapibréZtumais.
Musy iSvados sutampa su Beerman et al. (2012), rodydamos, kad PMS ZvaigzdZiy ne-
buvimas duoda nuoseklesnius ir geriau apibréZtus spieCiy fotometrinius parametrus,
kas savo ruoZtu leidZia patikimiau nustatyti fizinius parametrus.
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Skyrius 4
Zvaigzdziy spiefiy parametrai

Zvaigzdziy spiediy parametry (amZius, masé, metalingumas ir ekstinkcija) nustatymui
panaudojome pilna 2658 objekty kataloga su fotometriniais duomenimis pristatytais
Siame darbe ir Naujalis et al. (2021).

4.1 Parametry nustatymas

Zvaigzdziy spie¢iy parametrus nustatéme taikydami de Meulenaer et al. (2013, 2014,
2017) metodika, kur objekty fotometrinius matavimus lyginame su stochastiniy mode-
liy tinkleliu. Modeliy paruosimui buvo priimtas atstumo modulis (m — M), =24,47
(McConnachie et al. 2005), standartinis Galaktikos tarpZvaigzdinés ekstinkcijos désnis
su Ry = 3,1, ZvaigzdZiy raidos modeliai i§ PARSEC-COLIBRI v1.2S (Marigo et al.
2017), bei Kroupa (2001) IMF. Naudojamas modeliy tinklelis apima §iuos parametry
intervalus: amZius, log,,(¢/yr) nuo 6,0 iki 10,3 kas 0,02 Zingsniu; mase, log,,(M/My)
nuo 2 iki 7 kas 0,05 Zingsniu; metalingumas, [M/H] nuo -2,2 iki +0,7 kas 0,1 Zings-
niu; tarpzvaigZzdiné ekstinkcija, E(B — V) nuo -0, 03 iki 2,00 kas 0,01 Zingsniu. Nei-
giama ekstinkcija yra jskaitoma dél to, nes pries§ lyginima su modeliais visi stebéjimai
yra atbalinami vidutine Galaktikos ekstinkcija. Kiekviename tinklelio mazge su kon-
kreciu parametry rinkiniu yra po 10 000 modeliy.

Spieciy parametrus nustatéme remdamiesi C ir T apertiirinés fotometrijos rezulta-
tais, naudodami penkias skirtingas filtry kombinacijas, kurios apibréZiamos taip: FO
— naudoti visi SeSi WFC3+ACS filtrai; F1 — paSalintas F275W filtras; F2 — paSalinti
F275W ir F336W filtrai; F5 — pasalintas F110W filtras; F6 — pasalinti F110W ir
F160W filtrai. Kiekvienam mazgui, kuriam atrenkamas bent vienas stebéjimus atitin-
kantis modelis, yra apskai¢iuojama tikimybe kuri lygi visy atrinkty modeliy tikimybiy
sumai. Vieno modelio tikimybé¢ (de Meulenaer et al. 2017) yra apibréZiama:

2
F
1 (magf,obs - magf,model)
Limodel = eXp|— s (41)
mode H \/EO'f 20_‘%

kur f —konkretus PHAT apZvalgos filtras, mag r,ops it mag fmoder — Stebéjimy ir modeliy
ryskiai konkreciame filtre, ' — naudojamy fotometriniy juosty skaicius. Tada viso
mazgo tikimybe, su konkreciu amziumi, mase, ekstinkcija ir metalingumu, yra lygi:
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N
Lnoae(t, M, E(B=V), [M/H]) = Z Linodet, n» (4.2)

n=1

kur N — atrinkty modeliy skai¢ius mazge. Parametry rinkinys atitinkantis didZiausia
tikimybg turintj mazgg, Zymimas BEST indeksu. Su saulés metalingumu didZiausia
tikimybg turintis mazgas yra BESTsun. Taip pat konkretaus parametro histogramos
maksimumas yra Zymimas MAX indeksu (4.1 pav.).

Galutinius parametry rinkinius nustatéme nagrinéjant spieciy nuotraukas ir jy tiki-
mybines histogramas su dvimaciais tankio Zemelapiais. Kiekvienai filtry kombina-
cijai sudaryti grafikai buvo tarpusavyje lyginami ir vertinami kartu su spieciy vaiz-
dais, o C ir T aperttrinés fotometrijos rezultatai analizuoti atskirai (zr. 4.1 pav. FO
atvejj su C apertiira). Pagrindinis Sios interaktyvios procediros tikslas buvo uztikrinti
kuo tikslesnj parametry jvertinima, kadangi gautos reikSmeés gali buti paveiktos jvairiy
veiksniy kaip: (i) spieciaus padétis dulkiy juostos atZvilgiu; (ii) rySkig UV ir IR lauko
Zvaigzdziy buvimas C ir T apertiirose.

4.1 pav. turime AP0230 spieiaus atvejj. Sis objektas yra tankiame ry$kiy melyny
ir raudony Zvaigzdziy lauke. Kelios ryskios lauko ZvaigZzdés yra matomos F814W,
F110W ir F160W FJ, kurios patenka j C ir T apertiiras, paveikdamos objekto fotome-
trinius matavimus ir, atitinkamai, spieciaus parametrus. Kadangi Sios Zvaigzdés turi
panasias spalvas palyginus su lauko objektais, mes padaréme i$vada, kad jos greiciau-
siai spieCiui nepriklauso. Tad toliau pasirinkome nagrinéti C aperttirg su FO filtry
kombinacija ir BESTsun sprendiniu, kur buvo gautas 300 mln. m. amZius, kuris atro-
do tinkamas tokio tipo spieCiams. Taip pat BEST, BESTsun ir MAX parametrai tarpusa-
vyje sutampa Siam objektui, kas patvirtina miisy amZiaus pasirinkima. AtsiZvelgiant
1 modeliy skaiciy ir amZiaus parametrg, toliau atitinkamai nustatéme mases ir spalvos
eksceso vertes. Sudétingesniais atvejais interaktyvi analizé yra biitina, norint nustatyti
spieCiaus parametrus kuo tiksliau.

Kitas atvejis j kurj norime atkreipti démesj yra AP1867 (4.2 pav.). Sis objektas yra
stipriai paveiktas ekstinkcijos ir tikétina, kad jis projektuojasi uzZ M 31 Zvaigzdédaros
Ziedo. Be to, jaunos, masyvios Zvaigzdés, kurios yra rySkios UV dalyje, patenka j
C ir T apertiiras taip paveikdamos parametry nustatymo rezultatus, dél kuriy spiecius
automatiSkai klasifikuojamas kaip jaunas objektas. Tokie atvejai i$ tolimesnés analizés
buvo pasalinti, kadangi jy parametrai negali bati nustatyti su aukstu tikslumu.

Nustate spieciy parametrus, paSalinome 733 objektus, kurig amZius vir$ija 800 mln.
m. Siems spieiams negalé¢jome priskirti saulés metalingumo ir jy apertiirose projek-
tuojasi ryskios, spieciui nepriklausancios Zvaigzdés. Tad galuting spieciy imtj su pa-
rametrais — amzius, mas¢, spalvos ekscesas — sudaro 1922 objektai. Gauti katalogo
rezultatai yra pateikti 4.1 lentel¢je. Kiekvienam spieciui yra nurodyta parametry tiks-
lumo () grupé (Q), kuri galioja visiems parametrams ir yra apibréZiama taip: Q = 0
(0<0,08); 0=1(0,08<6<0,12); 0=2(0,12<6<0,20); Q =3 (6 > 0,20).

Johnson et al. (2022) ir Daugevicius et al. (2024) parodé, kad jauniems Zvaigzdziy
spie¢iams (<40 mln. m.) parametry negalime patikimai nustatyti naudojant apertiiring
fotometrija. Todé¢l jauniausiems spieCiams pritaikéme tikimybinj CMD metoda, kur
nustatéme Zvaigzdziy spieCiy amziy ir ekstinkcija, pritaikydami teorines izochronas
prie iSskirty spieciaus Zvaigzdziy (Ceponis et al. 2024). CMD metodu parametrai
buvo nustatyti 426 spieciams. Visais atvejais buvo fiksuotas saulés metalingumas, o
spieCiaus masé nustatyta naudojant stochastinius modelius.
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4.1 pav. Virsutiné panelé: spieciaus AP0230 nuotrauka su jvairiomis filtry kombinaci-
jomis (virSuje) ir visose Sesiose fotometrinése juostose (apacioje). Fotometriniy juosty
pavadinimai ir kombinacijos pateiktos nuotrauky apatin¢je dalyje. Zalias ir raudonas
apskritimai Zymi T ir C apertiras atitinkamai. Kiekvienos nuotraukos dydis 10" x10".
Intarpas nuotraukos virSuje rodo spieciaus pozicija M 31 galaktikoje. Apatiné panelé:
spieciaus AP0230 klasifikacijos histogramos ir dvimaciai tankio Zemélapiai. Spal-
vos atitinka atrinkta modeliy skai¢iy. Raudonesnés spalvos atitinka didesnj modeliy
skai¢iy, melynesnés — maZesnj. NubréZtos tiesés rodo suskaiCiuota sprendinj: BEST
(roZin¢), BESTsun (juoda), MAX (mélyna). Nustatyti spieCiaus parametrai: amZius —
log,(t/yr) = 8,50, mase — log,,(M/My) = 4,25, spalvos ekscesas — E(B — V) = 0,19,
metalingumas — [M/H] = 0,0.
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4.2 pav. Tas pats kas 4.1 pav., tik spie¢iui AP1867. Sis objektas projektuojasi u
zZvaigzdedaros Ziedo, dél to jis yra paveiktas tarpZvaigzdines ekstinkcijos. Dél maZzo
parametry tikslumo, $is spiecius i$ tolimesnés analizés buvo pasalintas.

4.1 lentelé. M 31 galaktikos ZvaigzdZiy spieCiy parametrai.

AP@ R.A.20000® DEC(2000)? log,,(t/yD® log;o(M/Mx)® E(B-V)© RsyP Q¢

0001 11,43552 41,69856 8,80 4,35 0,06 056 O
0002 11,36651 41,70101 8,56 3,80 0,27 059 2
0003 11,47129 42,04925 8,44 3,30 0,21 0,74 1

Pastabos. Lenteléje pateikta tik dalis pirmy triju spiec¢iy duomeny. @ identifikacijos numeris
(Johnson et al. 2015); ® pusiaujinés koordinatés laipsniais (Naujalis et al. 2021; Kris¢itnas
et al. 2023); © amZius; @ masé; © spalvos ekscesas; ) pusés $viesio spindulys kampinéms
lanko sekundeéms; © kokybés parametras.
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4.2 Zvaigidziy spietiy savybeés

Zvaigzdziy spie¢iy masés priklausomybé nuo amZiaus yra parodyta 4.3a pav. Cia
raudonos linijos Zymi spieciy aptikimo ribas ties F475W < 21,5 mag ir F475W <
22,5 mag. Sios aptikimo ribos buvo suskai¢iuotos naudojant saulés metalingumo
SSP modelius be ekstinkcijos. Cia reikéty pabrézti, kad tikroji aptikimo riba sti-
priai priklauso nuo konkrecios objekto ekstinkcijos vertés ir aplinkoje esancio lauko
ZvaigzdZiy tankio.

Spieciy masés (4.3a pav.) kinta nuo ~200 M, iki ~30 000 M. Spieciy skaiciaus
sumazeéjimas mazos mases srityje yra dél selekcijos efekty. Kuo maZesné objekto
masé, tuo yra sunkiau jj aptikti. Tuo tarpu didesnés mases spieiy (log,,(M/My) >4.5)
miisy nagrinéjome imtyje beveik néra, nes mes nagrin¢jame objektus jaunesnius nei
800 mlIn. m., kur yra pasalinti didelés masés kamuoliniai spieciai. Taciau spieCiy ap-
tikimas ties ~2000 Mg, neturéty bati iSkraipytas selekcijos efekty (Daugevicius et al.
2025). Tokiy objekty aptikimas turi biiti pakankamai geras norint priderinti spieciy
masés funkcija. Taip pat jauni (<100 mln. m.) ir masyvis (=10 000 M) spieciai
daugiausiai yra zZvaigzdZiy asociacijos.

Spieciy spalvos eksceso priklausomybé nuo amZiaus yra parodyta 4.3b pav. Me-
dianiné spalvos eksceso verté yra E(B — V) ~ 0,24. Septyni objektai pasiZymi auksto-
mis spalvos eksceso vertémis, E(B — V) > 0,7 (4.3b pav.). Sesi i% ju yra jaunesni nei
100 mln. m. ir jie yra iSsidest¢ ZvaigZzdédaros regionuose. Dalis senesniy (>100 mln.
m.) spieciy taip pat pasizymi aukstesnémis ekstinkcijos vertéemis (E(B—V) 2 0,6). Sie
objektai greiCiausiai yra kitoje galaktikos puséje, uZzstoti tankios difuzinés medziagos
sluoksniu. Be to, nustatéme, kad individualaus spieCiaus E(B—V) labiau priklauso nuo
vietinés tarpZvaigZzdines aplinkos nei nuo radialinio atstumo iki M 31 centro. Taciau
norime pabreZti ir tai, kad diferencialiné ekstinkcija konkreciam spieciui néra iSskiria-
ma. Kai kuriais atvejais, ypac jauniems spieciams kurie yra nehomogeniskuose dulkiy
debesyse, diferencialiné ekstinkcija gali stipriai iSkraipyti nustatytus parametrus.

4.3 Spieciy maseés funkcija

Spieciy masés funkcija yra gerai aprasoma Schechter jvesta forma (Schechter 1976;
Gieles 2009):

AN . M,
d_lwi = AMl exp (— MC), (43)

kur M — charakteringa masé ties kuria jvyksta luZis ir funkcija pradeda eksponen-
tiSkai maZéti, A — normavimo konstanta, @ — laipsnio rodiklis kuris nurodo mazos
maseés spieciy santyking gausa. Atsizvelgus j kity autoriy darbus Zhang & Fall (1999);
Gieles et al. (2006); Larsen (2009); Portegies Zwart et al. (2010); Fall & Chandar
(2012); Krumbholz et al. (2019), laipsnio rodiklj « fiksavome ties 2, bei nustatéme
globalig charakteringos mases vertg¢ M 31 ZvaigZzdZiy spieciams. Diferencialinis masés
pasiskirstymas yra parodytas 4.4 pav., kur prie nagrin¢jamy spieciy priderinome masés
funkcija, parinkdami objektus masyvesnius nei ~2500 Mg,. Gauta charakteringa verté
- Mc = (13, 33’2) - 10° M. Sis rezultatas yra didesnis palyginus su Johnson et al.
(2017) nustatyta verte Mc = (8, Sfig) - 10> My, S neatitikima galima paaiskinti tuo,
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4.3 pav. Spieciy masés (a) ir spalvos eksceso (b) priklausomybé nuo amzZiaus. Linijos
rodo spieciy aptikimo ryskio ribas: F475W < 21,5 mag (bruksning) ir F475W <
22,5 mag (iStisiné).
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kad jie analizavo spiecius jaunesnius nei 300 mln. m. Tuo tarpu masy imtis jtraukia
objektus iki 800 mln. m.

log(dN/dM)
AR
|

I
N
T

-4 | | | | | | | | | | |
2.5 3.0 3.5 4.0 4.5

log(M/Mg)

4.4 pav. Zvaigzdziy spieciy diferencialinis masés pasiskirstymas. Raudona linija rodo
priderinta Schechter funkcija su charakteringa mase — M¢ = (13, 33’2) 103 M,. Zalia
zona nurodo neapibréZtumo intervala aplink priderina kreive.

Toliau jvertinome kaip spieciy masés funkcija kinta tolstant nuo galaktikos centro.
Tam tikslui nagrinéjamus objektus sugrupavome j 4 kpc plo¢io segmentus, einant nuo
4 iki 20 kpc. Pradedant nuo pirmo segmento, mes priderinome masés funkcija. Kaip ir
praeitu atveju, siekdami uztikrinti katalogo pilnuma (Daugevicius et al. 2025), masés
funkcija priderinome prie spie€iy kuriy masé vir§ija ~2500 M. Tada nagrinéjamas
segmentas buvo pastumtas per 2 kpc ir procediira kartojama kol pasiekiama 20 kpc
verte. 4.5 pav. pateikiame kiekvieno segmento diferencialinj masés pasiskirstyma
su priderinta masés funkcija. Gautas M vertes toliau atidéjome nuo radialinio at-
stumo (4.6 pav.), kur buvo imtos spieciy atstumy medianos konkreciame Ziede. Cia
i§skyréme, kad Mc priklauso nuo galaktikos aplinkos. Didesnés vertés yra stebimos
10-14 kpc ZvaigZzdédaros regione del didesnio dujy tankio, kur atitinkamai yra for-
muojami masyvesni spieciai. Tuo tarpu iSoriniame galaktikos Ziede, ties 16-20 kpc,
M verté sumazeja. ISoriniuose regionuose spieciai yra maZiau paveikti kity masyviy
objekty galaktikos diske, kas leidZia iSgyventi mazos masés spieCiams. Radialiné M¢
priklausomybé taip pat buvo analizuota ir M 83 galaktikoje (Adamo et al. 2015), kur
buvo parodyta, kad galaktikos aplinka reguliuoja virSuting masés funkcijos riba.
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4.6 pav. Charakteringos maseés (Mc/My) radialiné priklausomybé M 31 galaktikoje.
Y-asies vertés yra padaugintos i§ 10°. Vertikalios linijos Zymi min-max M paklaidas.
Horizontalios linijos Zymi 16-84 procentilius. Kiekvienu atveju Schechter funkcija
buvo priderinta prie spieciy, kurie yra 4 kpc plocio Ziede, su 2 kpc Zingsniu, paden-
giant radialinius atstumus nuo 4 iki 20 kpc (Zr. 4.5 pav.).

4.4 Spieciy formavimosi istorija

Diferencialinis ZvaigzdZiy spieCiy amZiaus pasiskirstymas yra pateikiamas 4.7 pav.
Cia jtraukéme spieius masyvesnius nei 1000 Mg norint i§vengti selekcijos efekty
pla¢iame amziaus intervale. Diferencialinis skirstinys yra gan gerai apibiidinamas
evoliuciniu blausimo (raudona kreive) ir suardymo (mélyna kreivé) modeliais (Bout-
loukos & Lamers 2003), kuriy polinkio koeficientai yra paimti i§ Vansevicius et al.
(2009) (@ = 2,0, ¢ = 0,69, ¥y = 0,62). Spieciy skaiCiaus pasiskirstymas, dN/dt, bendru
atveju atitinka evoliucinj blausimo modelj. Per pastaruosius ~100 mln. m. spieciy
formavimasis vyko gan pastoviai. Adamo et al. (2015) taip pat pabrézeé, kad daugelyje
stebéjimais gristy tyrimy spieciy amziaus funkcija rodo beveik pastovy pasiskirstyma
iki ~100 mln. m., o vir§ijus Sia riba yra stebimas Zymus sumaZzéjimas, kuris gali
biiti paaiSkinamas spieciy ardymu ir nagrinéjamos imties nepilnumu. Nuo ~130 mln.
m. spieciy skaiCius pradéjo didéti ir pasieké pika ties ~200 mln. m. Toliau spieCiy
skai¢ius nuo ~300 mln. m. pradeda mazéti. Tai rodo, kad yra biidingas charakteringas
spieciy ardymo laikas, kuris gali biti ilgesnis nei 500 mln. m. Visgi, dél sustipréjusio
spieciy formavimosi ties tuo paciu amziumi, charakteringa ardymo verté negali biiti
tiksliai jvertinta. Palyginimui, Lamers et al. (2005) pateike Siuos budingus spieciy
ardymo jvercius kitose galaktikose: ~70 mln. m. M 51 centringje srityje, ~630 mln.
m. M 33 galaktikoje, ~560 mln. m. Pauksciy Tako saulés aplinkoje ir ~8 mlrd. m.
MaZame Magelano Debesyje.

4.7 pav. iSsiskiria Zvaigzdedaros suaktyvejimo pikas ties ~(200 + 50) mln. m.
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4.7 pav. VirSuje: Zvaigzdziy spieCiy amziy pasiskirstymas masyvesniems nei 1000 Mg
objektams. Intarpas vaizduoja ta pacia spieciy amziaus sklaida tiesinéje skaléje. Apa-
¢ioje: tos pacios imties diferencialinis amZiy pasiskirstymas. Raudona ir mélyna li-
nijos rodo spieciy evoliucinio blausimo ir suardymo funkcijas. Tiesiy polinkio koefi-
cientai yra paimti i§ Vansevicius et al. (2009).

Sis epizodas galéjo biiti sukeltas dél saveikos su kaimynine galaktika M 32 (Gordon
et al. 2006; Block et al. 2006; Dierickx et al. 2014). Gordon et al. (2006) ir Die-
rickx et al. (2014) pasitlé, kad susidiirimas jvyko atitinkamai prie§ 20 mln. m. ir
800 mln. m. Tuo tarpu Block et al. (2006) iskéle hipoteze, kad M 32 peréjo per M 31
centra prie§ mazdaug 210 mln. m., del ko diske susidaré stebima Ziediné struktiira.
Be to, Vansevicius et al. (2009) pietvakaringje galaktikos dalyje nustate iSsiskiriantj
spieciy formavimosi pika ties ~70 mln. m., kurj Siame scenarijuje gal¢jo sukelti ant-
rasis peréjimas per galaktikos diska. Taip pat, Lewis et al. (2015) ir Williams et al.
(2017) tyrimai rodo, kad M 31 galaktikos Ziediné struktiira yra ilgalaiké, senesné nei
~500 min. m., todél stebimos strukttiros kilmé neturéty biti susijusi vien tik su ga-
laktikos susidirimu. Nepaisant to, mes sitilome, kad spieciy formavimosi spartos pa-
didéjima prie§ ~200 mln. m. vis tik galéjo sukelti saveika su M 32 pagal scenarijy
kurj pasiale Block et al. (2006), taciau tuo metu Ziediné struktiira jau galéjo bati su-
siformavusi. Detalesné PHAST apzvalgos analizé turéty suteikti daugiau jzvalgy, ar
M 32 iS tiesy buvo atsakinga uZ padideéjusia spieciy formavimosi sparta.
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4.8 pav. Masyviy (=1000 M) Zvaigzdziy spieCiy skaiciaus pavir§inio tankio priklau-
somybé nuo radialinio atstumo. Pasiskirstymai skaiCiuoti 60° segmente (nuo —25°
iki +35°) aplink didZiaja asj. Histogramos yra pastumtos pagal X-asj dél matomumo.
Naudojami spieciy populiacijos amZiaus intervalai yra nurodyti legendoje.

4.5 Erdvinis pasiskirstymas

Norédami panagrinéti spieciy erdvinj pasiskirstyma, deprojektavome M 31 galaktikos
diska. Disko deprojektavimui pritaikéme pozicinj didZiosios aSies kampa 37,7° (Che-
min et al. 2009) ir disko polinkj 77, 5° (van der Marel et al. 2019). Gautas koordinates
panaudojome suskaiciuoti kiekvieno objekto atstuma iki galaktikos centro. 4.8 pav.
turime spiediy pavirsinio tankio priklausomybe nuo radialinio atstumo. Cia spie¢ius
suskirstéme j keturias amziaus grupes azimutiniame 60° segmente (nuo —25° iki +35°
aplink pagrinding asj). Jaunesni (<250 mln. m.) spieciai radialine kryptimi koncen-
truojasi  tris Zvaigzdziy formavimosi Ziedus, kurie yra iSsidéste ties ~6 kpc, ~11 kpc
ir ~16 kpc. Ryskiausio zZvaigzdédaros Ziedo (~11 kpc) pikas dera su De Somma et al.
(2025) rezultatais, kurie nustaté tokia pacia verte¢ naudodami klasikines cefeides. Tuo
tarpu Zvaigzdédaros ziedas ties 16 kpc iSsiskiria tik kaip jaunesniy (<40 mln. m.)
spieciy koncentracija. Po ~40 mln. m. spieciy tankis sumaZeja ~4 kartus, kas rodo,
kad Zybsnis turéjo jvykti neseniai (4.8 ir 4.9a pav.).

Galima ~11 kpc Ziedo susidarymo prieZastis yra placiai nagrinéjama Block et al.
(2006); Gordon et al. (2006); Dierickx et al. (2014); Lewis et al. (2015) darbuose. Cia
galima iSskirti du pagrindinius scenarijus, kurie jtakojo Sio Ziedo atsiradimo prieZastis:
(1) rezonansiniai efektai M 31 galaktikos diske; (ii) susidiirimas su kaimynine galak-
tika kuri kirto M 31 diska. Rezonansai galaktikos diske gali bati sukelti del skersés
11 kpc Ziedas greiCiausiai yra susiformaves iSorinéje dalyje ties Lindblado rezonan-
so riba, kuri atsiranda tuomet, kai Zvaigzdziy ar dujy orbitinis daznis diske rezonuoja
su skerse arba spiraline tankio banga (Binney & Tremaine 2008). Tokia saveika ga-
li sukelti orbitinj sutankejima ir dujy kaupimasi, kas daznai lemia Ziediniy struktiiry
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formavimasi. Athanassoula & Beaton (2006) parod¢, kad remiantis M 31 stebéjimy ir
"N-body" modeliy palyginimais, iSorinis Lindblado spindulys yra ties ~45 +4 arcmin,
kas atitinka ~10 kpc M 31 atstumu.

Kitas placiai priimtas scenarijus teigia, kad Ziedas susiformavo dél praeityje jvyku-
sios saveikos su kaimynine galaktika M 32. Nors 11 kpc Ziedas yra beveik apskritas,
netoli M 32 padéties yra aiSkiai matomas jo skilimas. Be to, M 31 Ziedo strukttra
yra fragmentuota, kas leidZia manyti, jog ji formavo iSoriniai procesai, o ne vidinés
saveikos. Block et al. (2006) ir Gordon et al. (2006) atliko dinaminius modeliavimus,
siekdami nustatyti ar artimas M 32 pra¢jimas pro M 31 diska galéjo sukelti Ziedo
susidaryma. Modeliavimo rezultatai parode, kad toks susidiirimas galéjo suformuo-
ti tankio bangg, kuri suspaudé dujas j Ziedo formos struktiira ir paskatino Zvaigzdziy
formavimasi ~10 kpc atstumu. Taip pat Block et al. (2006) ir Gordon et al. (2006)
sékmingai atkiaré stebima Ziedo skilimg, pateikdami stiprius argumentus, kad M 32
gravitacing jtaka buvo esminis veiksnys. Vis délto tokie modeliai susiduria su dide-
liais neapibréZtumais, ypac jskaitant M 32 maseés ir orbitinius parametrus, nuo kuriy
priklauso saveikos pobtdis ir galutiné morfologija. Be to, Williams et al. (2015) nu-
staté, kad stiprus ZvaigZzdédaros Zybsnis M 31 galaktikoje jvyko prie§ 2—4 mlrd. m.
Sios amZiaus ribos virsija laikotarpius, kurie buvo pasiilyti Gordon et al. (2006) ir
Block et al. (2006) darbuose. Tad stebima Ziedo morfologija gali bti abiejy scenarijy
padarinys.

4.9 ir 4.10 pav. pavaizduotas erdvinis ZvaigzdZiy spieciy pasiskirstymas Sesio-
se amziaus intervaly grupése. Kiekvienas objektas vaizduojamas kaip 2D Gauso
funkcija, kurios plotis ir intensyvumas priklauso nuo spieCiaus pusés Sviesio spin-
dulio ir masés. Spieciy pasiskirstymas rodo, kad jauni spieciai (<170 mIn. m.) yra
iSsideste siauresniuose zZvaigzdedaros Zieduose, palyginti su vyresne spieciy populia-
cija (>170 mln. m.). Tai leidZia daryti prielaida, kad spie€iai i§ pradZiy susiformuoja
tankiose Zvaigzdédaros srityse ir palaipsniui iSsisklaido po galaktika. 6 kpc Ziede
7vaigzdédara buvo aktyvi apie 170 mIn. m., po to Ziedo struktiira pradéjo nykti. Si
amZziaus riba gali biti susijusi su dinaminiu periodu toje vietoje, kuris yra ~170 mln.
m. (Chemin et al. 2009). Tuo tarpu 11 kpc Ziedas yra ilgalaikis ir gan stacionarus,
jame ZvaigZzdes formavosi pastaruosius 400 mln. m., kas atitinka maZdaug 1,5 di-
naminio periodo. Visgi tai, kad ZvaigZdziy spieciai iSlieka ir iki ~400 mln. m., rodo
nedidel;j sklaidos greitj spieCiy grupiy atzvilgiu. Todél ZvaigZdziy spieciai yra patikimi
objektai, nagringjant Zvaigzdédaros regiony morfologija diskinése galaktikose.

Senesni spieciai (>400 mln. m.) yra placiau pasiskirste galaktikos diske. Tai
gali bati paaiSkinama, kad spieciai nuolat formavosi netoli Ziedo centro ir didéjant
amziui jie iSsisklaidé (Bastian et al. 2009; Lewis et al. 2015). Stebétina, kad spieciy
formavimosi sparta taip pat reikSmingai sumazéjo azimutiniame segmente nuo 45° iki
90°. Tuo tarpu azimutiniame segmente nuo —45° iki 0° net ir po 400 mln. m. iSlieka
didesnis zvaigzdZziy spieciy skaicius.

4.6 Strukturiniai parametrai

Naudojant augimo kreives F475W fotometrinéje juostoje, kiekvienam spieciui iSvede-
me pusés Sviesio spindulj, Rsy. Rso priklausomybé nuo amZiaus, log,(¢/yr), pavaiz-
duota 4.11a pav. Rs vertés yra pasiskirsCiusios intervale nuo ~0,4 pc iki ~8 pc, ir
nerodo jokios aiskios Rsy evoliucijos nuo spieciaus amziaus. Mazy spieciy mazéjima
did¢jant amzZiui galima paaiSkinti selekcijos efektais, kadangi jie néra aptinkami. Tuo
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4.9 pav. Masyviy (=1000 My) ZvaigzdZziy spieciy pasiskirstymas deprojektuotame
M 31 galaktikos diske. Vertikali linija ties X = O rodo galaktikos disko didzigja
aSj. Spieciai esantys arCiau musy turi neigiamas X koordinates, spieciai esantys to-
limesnéje puséje turi teigiamas X koordinates. Apskritimai Zymi 4, 7, 9, 12, 14 ir
17 kpc atstumus nuo galaktikos centro.
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tarpu jauni objektai, turintys dideles Rsg reikSmes, yra Zvaigzdziy asociacijos.

Rso priklausomybé nuo masés, log,,(M/M;), pavaizduota 4.11b pav., kur taip pat
yra pateiktos ir fiksuotos pusés masés tankio linijos, pso = 3M/87Rs>, kintan&ios nuo
1 iki 10* Mg pc~3. DidZioji dalis M 31 galaktikos spieciy yra kompaktiski ir tankds,
ju tipiniai parametrai: Rso ~ 1,7 pe, pso ~ 30 Mg pc™, M ~ 1500 M, Palyginimui,
pietvakarinéje galaktikos dalyje tipinés vertés: Rsop ~ 1,5 pc, M ~ 4000 Mg, t ~
100 mIn. m. (Kodaira et al. 2004; Narbutis et al. 2008; Vansevicius et al. 2009).
Nors charakteringos amZiaus ir masés reikSmeés skiriasi dél aplinkos salygu ir imties
atrankos ypatumy, Rso vertés iSlieka beveik vienodos skirtinguose M 31 galaktikos
regionuose.
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4.11 pav. (a) Pusés Sviesio spindulio, Rsy, priklausomybé nuo amZiaus, log,(¢/yr).
(b) Rsp priklausomybé nuo mases, log;,(M/Mpy), su uzdétomis fiksuoto pusés masés
tankio linijomis, p, = 1,3,10,30, 10%,10%,10* M, pc‘3 (atitinkamai i§ virSaus j}
apacia). Raudonas taskas — AP0226 spiecius.

4.7 Apibendrinimas

Zvaigzdziy spie¢iy parametrai (amZius, masés, spalvos ekscesas) M 31 galaktikoje
buvo nustatyti 1922 objektams, naudojant PHAT apZzvalgos katalogus (Johnson et al.
2015; Naujalis et al. 2021; KriS¢itnas et al. 2023). Parametry katalogo iStrauka yra
pateikta 4.1 lenteléje.

Nustatyti spieciy amZiai rodo, kad spieciy formavimosi sparta M 31 galaktikoje
buvo gana pastovi per pastaruosius ~130 mln. m. Visgi, mazdaug prie$ 200 = 50 mln.
m. jvyko bent vienas aktyvus Zvaigzdédaros epizodas, kuris galimai buvo sukeltas
del saveikos su M 32 galaktika prie§ ~210 mln. m. (Block et al. 2006). Taip pat,
nustatéme sustipréjusj spieciy formavimasi 16 kpc spiralinéje vijoje, kuris jvyko prie$
40 mln. m.

Nustatéme spieciy masés funkcijos charakteringa verte — Mc = (13, 33;2)- 10° Mo,
bei parodéme, kad M priklauso nuo galaktikos aplinkos.

Zvaigzdziy spie¢iy sklaida nuo jy gimimo vietos vyksta gan létai. Dalis objekty
zvaigzdedaros regionuose iSlieka iki ~400 mln. m. Todel spieciai yra patikimi objek-
tai, nagrinéjant ZvaigZdédaros regiony morfologija diskinése galaktikose.
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Isvados

Siame darbe pritaikéme daugiaspalve apertiiring fotometrija 1477 Zvaigzdziy spie-
¢iams M 31 galaktikoje, naudojant Panchromatic Hubble Andromeda Treasury (PHAT)
apzvalgos duomenis (Dalcanton et al. 2012; Johnson et al. 2012, 2015). Kiekvienam
objektui nustatéme ryskius pritaikant standarting (T) ir spalving (C) apertiiras. IStrau-
kos i§ gauty fotometrijos katalogy pateiktos 3.1 lenteléje (T apertdros) ir 3.2 lenteléje
(C aperttros).

Sujungus fotometrijos matavimy rezultatus pristatytus Siame darbe su Naujalis
et al. (2021) duomenimis, sudaréme 2658 spieciy imtj kur buvo pritaikyta vienoda
adaptyvios fotometrijos metodika. Parodéme, kad C apertiiros fotometrijos rezulta-
tai geriau dera su stochastiniais spieciy modeliais, kas pabréZia apertiiros pasirinkimo
svarba atliekant fotometrija tankiame galaktikos diske.

Fotometrijos tiksluma tankiuose M 31 disko regionuose apriboja dangaus fono ne-
apibréZtumas ir lauko ZvaigzdZiy projekcijos nagriné¢jamose apertiirose. Norint gauti
patikimus srauto ir spalvy matavimus, Sie veiksniai turi bati kruops$ciai jvertinti. Be
to, spieciai, turintys pagrindine seka palikusiy (PMS) ZvaigzdZiy, rodo didesnj iSsibar-
styma ir didesnes paklaidas nei objektai be PMS Zvaigzdziy. Sis rezultatas atitinka
Beerman et al. (2012) iSvadas — PMS ZvaigzdZiy nebuvimas leidZia tiksliau jvertinti
spieCiy fotometrinius parametrus ir atitinkamai patikimiau apskaiciuoti jy fizines savy-
bes.

Remdamiesi PHAT apZvalgos fotometriniais katalogais (Johnson et al. 2015; Nau-
jalis etal. 2021; Kris¢itnas et al. 2023), nustatéme ZvaigzdZziy spieciy parametrus 1922
objektams. SpieCiy amziai rodo, kad per pastaruosius ~130 mln. m. spieciy forma-
vimosi sparta buvo pastovi. Aktyvus Zvaigzdédaros epizodas jvyko prie§ ~(200 +
50) mln. m., kurj galimai sukélé M 32 galaktikos saveika su M 31 prie§ ~210 mln. m.
(Block et al. 2006). Taip pat aptikome lokaly spieciy formavimosi sustipréjima 16 kpc
spiralinéje vijoje per paskutinius 40 mln. m.

Nustatéme globalia spieCiy masés funkcijos charakteringa vertg — Mc = (13, 33’2}
10° M. Be to, parodéme, kad galaktikos aplinka jtakoja kokios masés spieciai bus
formuojami.

IS spieciy erdvinio pasiskirstymo galaktikos diske nustatéme, kad spieciai Zvaigz-
dZiy formavimosi regionuose iSlieka iki ~400 mln. m. Tai rodo, kad M 31 galak-
tikos spieCiai yra patikimi $altiniai, nagrinéjant ZvaigZzdédaros regiony morfologija
diskinése galaktikose.
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