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The most accurate parameters of star clusters are determined by analyzing colour-magnitude diagrams
(CMDs) constructed from their member stars. The recent study applying this method to the analysis of
the Panchromatic Hubble Andromeda Treasury (PHAT) survey star clusters includes objects up to ages
of 300 Myr. In this study, we aim to extend a sample of star clusters with parameters determined based on
CMD:s of individual stars to older ages, up to ~700 Myr. We have developed an isochrone fitting procedure
for CMDs of resolved and semi-resolved clusters to determine their parameters. The Bayesian approach
is employed in determining star cluster ages and interstellar extinctions. We determined ages and extinc-
tions for a sample of 854 star clusters from the M31 PHAT survey. We found that the star formation rate in
the M31 galaxy was rather constant during the last ~130 Myr; however, a strong cluster formation episode
occurred ~220 Myr ago, and can be attributed to the predicted passage of the M32 galaxy through the An-

dromeda’s disk.
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1. Introduction

Star clusters are one of the key elements in un-
derstanding star formation processes and, con-
sequently, the formation and evolution of their
host galaxies. Most stars form in embedded star
clusters [EI] and, although most of these stel-
lar structures dissociate over the first few Myrs,
the remaining population of gravitationally bound
clusters give a direct insight into the inner work-
ings of star formation. Studies of nearby galaxies
have shown that there is a correlation between
the star formation rate surface density and the star
cluster formation efficiency - the fraction of stel-
lar mass formed in long-lived star clusters [, E].
These findings reveal that star clusters are tightly
connected with their formation environment and
trace back the characteristics of past star formation
episodes in galaxies. Therefore, an accurate cluster

parameter determination is crucial in understand-
ing the processes governing star formation.

One of the best research sites for unravelling
the inner workings of star formation processes
within galaxy disks is the Andromeda (M31) gal-
axy. It is the largest spiral galaxy in the Local Group
with a complex star formation history and multiple
stellar structures [H, E]. An extensive Panchromatic
Hubble Andromeda Treasury (PHAT) survey [H]
had covered a significant portion of the galaxy
disk and enabled the production of the largest star
cluster catalogue of M31 [ﬁ] with 2753 confirmed
objects. Using photometric data of resolved stars,
Ref. [] derived parameters for clusters younger
than 300 Myr. However, knowing parameters of
older clusters would allow the study of longer gal-
axy evolution processes and also of the dissipa-
tion of stellar clusters themselves. In a wider age
range, the PHAT clusters were studied based on
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integrated photometry [E, E]; however, the accu-
racy of clusters parameters was not satisfactory.
Reference [] discussed the limitations of the ac-
curacy of star cluster parameters derived from inte-
grated broad-band photometry.

A new version of the PHAT survey stellar
photometry catalogue has been recently pub-
lished []. The higher accuracy of stellar pho-
tometry and the increased number of resolved
sources in the new catalogue edition has enabled
us to derive parameters for star clusters of ages up
to 700 Myr.

In this paper, we present a colour-magnitude
diagram (CMD) fitting method for resolved and
semi-resolved cluster analysis and derive para-
meters for a sample of 854 clusters in the M31
galaxy. We employ the Bayesian approach to de-
contaminate cluster star samples and to determine
age and extinction parameters from multi-colour
photometry data of individual cluster stars. Our
work complements previous studies of M31 clus-
ters [] by providing parameters for older objects.

The paper is organized as follows. We begin
with a brief description of observational data and
the cluster sample used in Section 2. The method
applied for determining cluster parameters is pre-
sented in Section 3. Tests with artificial star clus-
ters to assess the reliability of the cluster analysis
method are described in Section 4. In Section 5,
we present and discuss the results of cluster analy-
sis. Finally, the conclusions are given in Section 6.

2. Observation data and the cluster sample

In this study, we employed data from the PHAT
survey [H], which covers a significant portion of
the M31 disk - from the very centre to the out-
ermost north-eastern regions. We used the final
legacy version of the PHAT survey’s stellar pho-
tometry of 138 million sources []. The catalogue
provides measurements in six passbands, covering
a spectral region from near-ultraviolet to near-
infrared: the F275W and F336 W passbands from
the Wide Field Camera 3 UVIS channel (WFC3/
UVIS), the F475W and F814W passbands from
the Advanced Camera for Surveys (ACS/WEC),
and the F110W and F160W passbands from
the Wide Field Camera 3 IR channel (WFC3/IR).

We selected stars with measured magnitudes
above the 30% completeness limit in the F475W

passband and at least in one other passband
(F336 W or F814W). We used the F110W and
F160W passbands solely for field decontamina-
tion, excluding them from cluster parameter de-
termination due to their lower photometric qua-
lity and reduced sensitivity to variations in star
cluster parameters. The remaining four passbands
cover a sufficiently wide range of the spectrum to
accurately determine star cluster ages and extinc-
tion values.

We began with a sample of 1181 clusters,
sourced from the Andromeda Project cluster
catalogue [ﬂ], that were analyzed in Ref. [].
We discarded clusters older than 1 Gyr for which
we cannot determine reliable parameters due to
photometry completeness limits. This left us with
a sample of 854 clusters. For full details on clus-
ter selection criteria see Refs. [E, , ]. We used
cluster centre coordinates and photometric ap-
erture radii Rap reported in Ref. []. In general,
the sample should contain only star clusters with
high-quality photometric measurements. There-
fore, clusters in the very centre of the galaxy are
omitted from analysis, as can be seen in the map
of our cluster sample distribution (Fig. ). None-
theless, they cover a wide range of different en-
vironments, from dense star-forming regions to
relatively uncrowded outer disk areas.

3. Derivation of cluster parameters

3.1. Overview of existing methods

The main problems in deriving star cluster para-
meters using photometric measurements of indi-
vidual stars arise due to the contamination of clus-
ter stars by the foreground and (or) background
field stars (hereinafter field stars), as well as age-
extinction and age-metallicity degeneracies of
cluster parameters. The simplest and most com-
mon method to bypass these problems is match-
ing isochrones by eye on a CMD []. Even
though this method gives reliable results if done
by experts, there is still a problem of repeatability
because of the subjective matching process, and it
is very ineflicient, especially when applied to large
samples of star clusters.

Another widely used method to determine
cluster parameters from stellar photometry data
is a comparison of artificially generated CMDs of
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Fig. 1. Spatial distribution of the 854 clusters ana-
lyzed in this paper overlaid on a GALEX NUV im-
age of M31. Dashed ellipses mark circles of 9, 14 and
19 kpc radii on the deprojected galaxy disk. Dashed
straight lines mark angles corresponding to the in-
dicated values in degrees on the deprojected galaxy
disk. The zero angle corresponds to the direction of
the major axis. North is up and east is left.

synthetic simple stellar populations to the ob-
served data [[17-19]. By employing this method,
field contamination can be easily taken into ac-
count through the inclusion of a model repre-
senting the field star population in the artificially
generated CMD. Nonetheless, this method is still
sensitive to the level of contamination by field
stars. Also, the results heavily depend on know-
ing the actual distributions of photometric errors
and completeness, which is not always the case for
observations of extragalactic clusters. In such sys-
tems, the density of stars increases rapidly from
the outskirts of the cluster to the centre and, ac-
cordingly, the quality of photometric measure-
ments deteriorates. This makes it hard to deter-
mine the real distributions of photometric errors
and completeness.

There are also many methods for distinguish-
ing cluster stars from field stars. The most accu-
rate ones incorporate not only the photometric
measurements but also the proper motions of

stars in cluster areas [@, @]. However, such mea-
surements are usually not available for extragalac-
tic clusters. When only the photometric measure-
ments are available and the cluster is not heavily
contaminated by the field star population, one
simple solution is to discard stars that deviate from
the main sequence (MS) by a certain distance in
CMDs . ]. However, most star clusters are too
contaminated to use this method. For such cases,
more sophisticated algorithms can be employed.
Most of them rely on comparing the cluster stellar
density and CMD distributions to those of field
stars in various ways [- Nevertheless, it is
also possible to decontaminate a cluster popula-
tion without solely relying on the comparison of
stellar distributions to neighbouring field regions.
This can be achieved by analyzing the clustering
of stars in various measured parameter spaces, as
demonstrated in Refs. [@] and [@].

However, the decontamination of the cluster
star sample from field stars alone is insufficient to
determine cluster parameters. Cluster decontami-
nation algorithms are often used in combination
with isochrone fitting [29-31]] or synthetic cluster
fitting [ @ l ] to determine cluster parameters.

We developed our own method for decontami-
nating star clusters and determining parameters,
tailored for resolved or semi-resolved extragalac-
tic objects. It consists of two parts: a) the recogni-
tion of field stars; b) the fitting of theoretical isoch-
rones to a clean cluster star sample to determine
the most probable cluster parameters. Although
both parts of the method can be used separately
for their corresponding purposes, they are specifi-
cally designed to be used in conjunction to ensure
the robustness of the final results. However, it has
been shown that in principle, clusters’ parameters
can also be determined with convolutional neural
network methods [@]. Considering the rapid ad-
vancements in this field, better accuracy might be
achieved in the near future.

3.2. Field star decontamination

We developed a two-step method to remove field
stars from the clusters” aperture. Firstly, we assign
a likelihood score of cluster membership to each
star within a cluster-centred aperture (R ) using
a modified version of the method described in
Ref. []. Secondly, we use these scores to calculate
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probabilities of being cluster members by compar-
ing star density distributions in selected CMDs to
those of field stars using sliding windows of vari-
ous sizes. Finally, we discard any star with a clus-
ter membership probability below a cut-oft value.

Let us assume that the sample of stars located
within the cluster’s aperture, R _ (sample A), con-
sists of cluster members (subsample C) and field
stars (subsample F). Then the problem of separat-
ing these two sets of stars can be reduced to this:
what is the probability of any star in the sample
A to be a cluster member (€ C) or a field star
(€ F)? This can be separated into two hypoth-
eses: H - the star is a cluster member (€ C);
H, - the star is a field star (€ F). Because these
hypotheses are exclusive and exhaustive, at least
one of them must be true; therefore, we need to
find only the probability of H, to separate the two
sets of stars.

By employing Bayes’ theorem, we can calculate
P(H,|D), - the probability, given the data D (i.e.
the photometry for all stars), that H, is true for
a randomly selected star i from the sample A; this
probability signifies the likelihood of the star be-
ing a cluster member. For H, prior, we compare
the star density parameter in the vicinity of the se-
lected star, p, and the average density parameter
of field stars, (p),, determined from the field star
region outside of the cluster’s aperture (sample
B): P(H,) = p/(p,+ {p),). In this study, we selected
an annulus between 2.0 and 3.5 - R, to represent
the field star population (sample B) for each cor-
responding cluster.

Such a range of radii was chosen because
the field region must be sufficiently distant from
the cluster’s centre to ensure that there is no sig-
nificant number of actual cluster’s stars in the field
star sample. Additionally, it must not be too far
from the cluster to ensure that the sample is still
representative of the field star population inside
the cluster’s aperture.

For H,, we simply use the inverse of H, prior:
P(H) =1 - p/(p,+ {p),). We calculate the star
density in the vicinity of a given star i as follows:

Nx —A4((a. —a. ) +(5,-5.)
oL g Haar @ oD
NX J=1 Rap

Here X is a sample of stars separated from the star
i by less than 0.5 - R . The parameters (a, 6) repre-

sent right ascension and declination, measured in
arcseconds, respectively.

Combining everything mentioned above with
the likelihoods L., = P(D|H ), and L, , = P(D|H,),
for star i, we get the final form of the cluster mem-
bership probability,

L. .
P(H,|D), = : )
1 Lo, +(p)y/p)Ly,

where the likelihood of star i is calculated as

1 & 1
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Here Y € {C, F} and X € {A, B}, the parameters (m,
¢) represent magnitude and colour, and (o, o) de-

note their respective photometric uncertainties of
the form

@ (i,j) = @ (i) + & (1), & (i j) = (i) + @2 (). (4)

However, if photometric uncertainties are not
very well known, as it is usually the case in dense
extragalactic clusters, it is better to not use them
atall (set ¢ =1and o = 1), as we did in this work.
This method is sensitive to the ratio of uncertainty
values, and any inaccuracy in determining photo-
metric uncertainty can skew the results.

One can try to use Eq. (2) to separate cluster
members from non-members, but this probability
works poorly in the cases of clusters that are highly
contaminated by field stars (i.e. the number of clus-
ter members is equal to or less than the number
of field stars inside the cluster’s aperture). To cir-
cumvent this problem and make the method more
robust, we use an approach of sliding windows of
various sizes in conjunction with the probabilities
that we got from Eq. (2).

We start by setting a square window sized
0.5 x 0.5 mag? in the FA75W vs (F475W-F814W)
CMD and then identify stars in both sample A
and sample B that fall within this window. From
the number of field stars inside this window and
the ratio of cluster and field star region areas, we
determine the number of field stars in the sample
A located inside this window. We omit the esti-
mated number of field star candidates by selecting
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the ones with the lowest probability values (Eq. 2)
from the star sample of the window under con-
sideration, and mark the remaining stars as prob-
able cluster members. Then, we slide the window
by a quarter of its size and repeat the procedure
until we check all stars in the sample A. The same
procedure is then repeated with an increased win-
dow size. We use square windows of sizes from
0.5 x 0.5 to 5.0 x 5.0 mag? by increasing the side of
the window by 0.5 mag in each iteration. This pro-
cedure is also performed in the F336 W vs (F336 W
F475W) and F110W vs (F110W F160W) CMDs.
Finally, we count how many times each star in
the sample A was marked as a probable clus-
ter member and how many times in total it was
checked. We assign the ratio of these two values as
the probability for a star to be a cluster member.
An example of the APID 0031 cluster decontami-
nation from field stars is shown in Fig. .

In this study, we use a probability cut-off value
of 0.9 to select only the most likely cluster mem-
bers because the method that we use for cluster
parameter determination (see Subsection 3.3)
gives the best results in the cases of the least con-
taminated samples and is rather insensitive to
the total number of stars used. However, when

23

24

FA75W
Y (arcsec)

26

27

28 1 2 3 4

F475W — F814W

using this decontamination method in conjunc-
tion with other methods, one should exercise cau-
tion and optimize the probability cut-off value for
the problem at hand.

To ensure the quality of field decontamination,
we visually inspected each cluster’s CMDs for
bright stars strongly deviating from the isochro-
nes (suspected of being not cluster members), that
did not get discarded by the method, and removed
them interactively. Such bright stars are rare, and
the corresponding part in the CMD of the field
star sample is usually too sparse to enable the al-
gorithm to distinguish statistically between field
stars and cluster stars.

3.3. Cluster parameter determination

A probabilistic approach was used to determine
clusters’ parameters. The photometric data of
each star located within the cluster’s aperture R
are compared to the corresponding data in a da-
tabase of stellar models. This way, the probabil-
ity distribution function (PDF) is calculated over
a range of extinction and age values, which is then
used to determine the best fit parameter set for
the cluster.

3 2 1 0 -1 -2 -3
X (arcsec)

Fig. 2. The CMD and the coordinate map show the results of the APID 0031 cluster decontamination from field
stars. Stars in sample A (located within the cluster centred aperture) are marked by colour-coded dots accord-
ing to their cluster membership probabilities (colours from red to blue represent probabilities from the highest
to the lowest ones). Field stars located outside of the cluster’s aperture are marked by grey dots.
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In this study, we adopted a distance modulus of
the M31 galaxy of m - M = 24.47 [@], an initial
mass function IMF from Ref. [@] for masses from
0.1 to 120 M, a Milky Way interstellar extinction
curve (R =3.1),and stellar models from the PAdova
and tRieste Stellar Evolutionary Code (PARSEC)-
COLIBRI release v1.2S [@, @i Throughout this
paper, we use a fixed metallicity value of [M/H] =0
in accordance to present day gas metallicity obser-
vations within M31 [@, @] Also, during cluster
parameter fitting, we do not take into account bi-
nary stars since our tests with artificial star clusters
showed that their effect is negligible compared to
that of other error sources. We used photometric
error dependences and completeness functions de-
rived from the artificial star tests (AST) for the fi-
nal legacy version PHAT survey stellar photometry
provided in Ref. [@].

In our analysis, we use individual star pho-
tometry data in four passbands — F275W, F336W,
F475W and F814W - available from the PHAT sur-
vey (see Section 2). We exclude stars with F475W
magnitudes below the 30% completeness limit from
cluster parameter fitting. We also exclude stars with
magnitudes in both F336 W and F814 W passbands
below this completeness limit. For 74 overly dense
clusters (9% of the sample), we excluded central
parts where the majority of stars are poorly meas-
ured due to unresolved optical blends.

For each selected star in a cluster, we calcu-
late an individual PDF P(A, t) over wide ranges
of extinction A, and age t values. For extinction,
we use the range of A, = 0.0-2.5 mag with a step
of 0.05 mag, and for age we use the range of
log(t/yr) = 6.6-10.1 dex with a step of 0.05 dex to
cover all possible cluster values with a sufficient pa-
rameter resolution.

The PDF P (A, t) of a star is calculated by com-
paring its position in a CMD, F, = (m, c), to the in-
dividual points LJ.(MJ,, A,t)= (mj, cj) of a theoretical
isochrone of the age t reddened by the extinction of
A,. This is done by assuming Gaussian photometric
errors and an IMF that is integrated over a small
interval of initial stellar masses M, corresponding
to an individual point of an isochrone. Calculations
are done over all isochrone points and summed up
to arrive at the final PDF of an individual star i:

P(4,)=N"Y.G(F,L)[ IMF(M)dM, (5)

expl= (F,~L)'2(F, - L)

2m4fdetX, ’

N,- ZZZP;(AVat)- (7)

G(F,,L,) = (6)

Here G(F, Lj) is the multivariate Gaussian distri-
bution function; 2. is the error covariance matrix
for the photometric measurements F, and N, is the
normalization constant over all allowed A, and ¢
parameter values.

To circumvent the effects of differential extinc-
tion, binary stars, and optical blends, we double
the difference Fi—Lj in Eq. (6) for the main-sequence
(MS) stars that are bluer than the MS of the isoch-
rone. This forces the method to be less sensitive to
red stars, essentially fitting isochrones as envelope
lines for MS stars.

We multiply and renormalize all PDFs, P,(A,, 1),
of the cluster stars to arrive at a PDF for the whole
cluster:

F.(4,0)=N"T]B(4,,0), (8)
Ne=2 D Bo(4,.0). ©)
Ayt

For each cluster, we calculate two PDFs from
F475W vs (F475W-F814W) and F814W vs
(F475W-F814W) CMDs and multiply them with
each other. The maximum of this PDF is used to
get the best fit extinction value. Then we calculate
another PDF from F336W vs (F275W-F336W)
CMD but with an already fixed determined ex-
tinction value. This is due to the less precise mea-
surements in UV, which make accurate extinc-
tion derivation challenging. Nonetheless, UV
passbands help us to constrain cluster ages when
the main-sequence-turn-off (MSTO) position is
not clear in cases of young clusters. We multiply
this UV PDF with the previous one to get the final
PDF, the maximum of which is set as the best esti-
mate of the cluster’s age.

We assign uncertainties based on the 16th and
84th percentiles derived from the marginalized
1D PDFs of age and extinction. To ensure the reli-
ability of derived cluster parameters, we plotted
CMDs of each cluster to visually check how well
isochrones fit the data (Fig. H), and for ~15% of
the clusters, we adjusted automatically derived



128 ISSN 1648-8504 eISSN 2424-3647

M. Ceponis et al. / Lith. J. Phys. 64, 122-138 (2024)

18 18 18 18
20 20 20 20
2 2 %) 2
= < = 53
O 72) LN
pe 5 S &
S04 R4 o4 24
26 26 26 26
28 28 28 28
-2 0 2 4 -2 0 2 4 -2 0 2 4 -2 0 2 4
F275W-F336 W F336 W-F475W F475W-F814W F475W-F814W
FA75W/(F475W-F814W) F814W/(F475W-F814W) (FA75W x F814W)/(FA75W-F814W)
2.5 2.5 2.5
2.0 2.0 2.0
1.5 1.5 1.5
<>1.0 < 1.0 <10
0.5 0.5 0.5
) 0.0
0.0, 8 9 10 0.0, 10 7 8 10

log(t/yr)

8 9
log(t/yr)

9
log(t/yr)

Fig. 3. CMDs and PDF distributions of the cluster APID0093. CMDs include all stars that lie within the aper-
ture of R . Red circles show the cluster stars selected for the analysis as true cluster members. Blue circles show
the stars with magnitudes below 30% completeness limits or rejected as contaminants belonging to the field
star population. The field stars lying in a ring of (2.0-3.5) R are marked as grey dots. The cluster parameters,
derived taking into account all CMDs, are log(t/yr) = 7.65 and A = 1.15 (the red isochrone); the blue isochrone
is based on the parameters determined from a single CMD, F475W vs (F475W-F814W). For a visual clarity
PDF distributions are shown in a logarithmic scale. Grey areas in the marginalized 1D PDF distributions show
uncertainties of the fitting results, corresponding to the 16th and 84th percentiles.

parameters. In most of these cases, either the field
stellar population is younger than the cluster and
the algorithm has problems in determining which
MSTO belongs to the cluster, or the cluster is pro-
jecting on a dense field of old stars and the tip of
red-giant branch stars contaminate the sample of
cluster members.

4. Tests based on artificial star clusters

To assess the reliability of the developed method
for determining cluster parameters, we carried
out extensive tests with artificially generated star
clusters. To generate artificial star clusters, we
used the same isochrones, IMF, and other para-
meters as the ones used to derive parameters of
real clusters described in Subsection 3.3. Initial
masses of cluster members are randomly drawn
from the IMF [@] until the required cluster mass
is reached. The stellar masses are then used to in-

terpolate absolute magnitudes from the isochro-
nes in all six passbands used in the PHAT survey.

All generated cluster stars were reddened by
the assumed extinction values, and their absolute
magnitudes were corrected for the distance mod-
ulus of M31. Then, for all stars (in each passband),
depending on their magnitudes, we assigned prob-
abilities not to be measured, which are calculated
based on the known completeness function [].
Using these probabilities, we discarded a cor-
responding part of magnitudes to imitate mea-
surement completeness effects. Random Gauss-
ian errors were then applied to the magnitudes in
order to imitate real photometric measurements.
These errors were generated based on the artificial
star test results provided for the legacy version of
PHAT stellar photometry [@].

To simulate realistic star clusters, we added real
field star populations to the artificial cluster stars.
For each artificial cluster, we randomly selected
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one out of 50 different field star populations sur-
rounding real clusters analyzed in this study (stars
inaring 0of 2.0-3.5- R centred on clusters). Then,
we randomly selected a 4/33rd part (it is equal to
the ratio of the clusters’ aperture areas to the areas
of field star regions) of stars to represent the pop-
ulation of field stars residing within the cluster’s
aperture of an R radius so that the realistic con-
tamination by field stars is mimicked. Also, we
generated artificial stars’ sky coordinates using
a simple Gaussian distribution with a standard de-
viation equal to half the cluster’s aperture radius
R, . This was done to fully simulate the character-
istics of real star clusters.

We generated a grid of artificial star clusters with
eight age values log(t/yr) = 7.0, 7.5, 8.0, 8.3, 8.5,
8.7, 8.85, 9.0, three mass values log(M/MO) =2.5,
3.0, 3.5, and three extinction values A, = 0.0, 0.5,
1.0. For each parameter combination, 50 clusters
were generated using different random seeds for
IMF sampling as well as for completeness and er-
rors imitations. Then, in the same way as described
in Section 3, we applied our method to determine
ages and extinctions of these clusters.

The results of artificial cluster tests for the data
of PHAT survey quality are shown in Fig. @ The ef-
fects of age—extinction degeneracyin cluster param-
eter determination are visible (panels (s), (t), (u)).
They are stronger in the cases of low-mass clusters
(300 M) when post-main-sequence stars are ab-
sent due to IMF stochasticity. However, we can con-
clude that our method reliably determines ages and
extinctions for clusters with masses of 21000 M,
and for ages up to almost 1 Gyr. The scatter of re-
sults, defined as the 16 and 84th percentiles (shown
with error bars), increases moderately with age and
more substantially with higher extinction values
and lower cluster masses. These uncertainties could
be considered as realistic expectations of parameter
accuracy in the case of real clusters.

5. Results and discussion

We have determined ages and interstellar extinc-
tions for a sample of 854 star clusters in the M31
galaxy. An example of templates used for the vis-
ual quality control of the determined cluster pa-
rameters is shown in Fig. H Additionally, we es-
timated rough cluster masses based on a single
stellar population (SSP) approximation.

The distribution of derived extinction values
versus ages is shown in Fig. H In total, 155 clus-
ters are older than 300 Myr, i.e. ~18% of the en-
tire sample. The derived extinctions correlate
with ages - younger clusters tend to have higher
extinctions than older ones. This is most likely
due to younger clusters’ tendency to reside closer
to star-forming regions in denser interstellar en-
vironments. Consequently, they are more likely
to be located inside or behind dusty gas clouds.
Nonetheless, some older (2500 Myr) clusters also
have elevated extinction (up to A, ~ 1.0), which
can be explained by them being on the other side
of the galaxy disk, behind a layer of diffuse inter-
stellar matter.

To verify the reliability of our results, we com-
pare derived ages and extinction values with
the star cluster data published in Ref. [] and
further supplemented in Ref. [@]. In total, 682
clusters are present for comparison with our data
(Fig. E). Most derived values are in agreement
with each other with a small mean difference be-
tween ages, (Alog(t/yr)) ~ 0.09 dex, and extinction
values, (AA)) ~ 0.10 mag. Our method favours
slightly older cluster ages and lower extinctions.
The degeneracy of these cluster parameters is well
known employing integrated photometry [@,

|; however, the same degeneracy seems to ap-
ply even in the analysis of colour-magnitude dia-
grams (Fig. @). However, there are some outliers
with large age differences most likely caused by
low numbers of cluster stars and (or) high back-
ground field densities. Also, unlike Ref. [ﬁ], in our
analysis, we incorporated not only measurements
in the F475W and F814 W passbands, but also data
obtained in the UV passbands which are least af-
fected by field star contamination. This might
have led to a better distinction between field stars
and cluster members in our analysis.

The mass of clusters in the solar-mass units
M/M, was calculated based on the absolute mag-
nitudes F475W of the solar metallicity SSP mod-
els [@, @] dereddened by applying determined
extinction values, as well as determined cluster
ages and integrated aperture magnitudes [@].
The comparison of the determined masses of
clusters from our sample with the published
data based on the same HST observations [ﬁ,
@] shows a good agreement without systematic
biases. The differential cluster age distribution
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Fig. 4. The results of artificial star cluster tests: distributions of recovered parameters — ages and extinctions vs
input ages of artificial clusters. Top two rows for clusters with extinction A, =0; middle two rows for A,=0.5;
bottom two rows for A = 1.0. Clusters were generated with three different mass values: 300 M, in the left
column; 1000 M, in the middle column; 3000 M in the right column. Open circles mark median values and
whiskers indicate the 16th and 84th percentiles. For each combination of age, extinction and mass, sets of 50
artificial clusters were generated. Panels (s), (t) and (u) show the differences of derived and input extinction
values vs the differences of ages in the cases of three input extinction values for models of all ages and masses
merged. The yellow contour includes 68% of data.
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Fig. 5. Derived cluster ages versus extinction values.
The blue dashed line indicates the Milky Way dust
attenuation value of A, = 0.17 in the direction of
the M31 galaxy [41, 42]. The red short dashed line
shows the cluster selection limit assuming the MSTO
tip of F475W < 25 mag. The correlation of extinc-
tions with cluster ages is noticeable - the extinction
of older clusters is lower on average. Note the numer-
ous population of yet undispersed star clusters (or
stellar associations) at the youngest ages log(t/yr) <7.
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shown in Fig. E] is drawn for clusters more mas-
sive than 800 M, to avoid uneven selection effects
over a wide range of considered ages, <700 Myr.
The massive clusters (>800 MO) were selected for
further analysis because their detection complete-
ness level is approximately the same regardless of
the clusters’ ages up to ~700 Myr.

The distribution is primarily characterized
by an exponential decline due to the cluster evo-
lutionary fading. Subsequently, around ages of
300 Myr, the effects of cluster disruption become
dominant [@, @]. However, due to the complete-
ness effects taking over for older clusters, we can-
not accurately determine the cluster disruption
rate; therefore, we plotted the estimate derived for
the south-western part of the M31 disk [@, @, @].
Their derived cluster evolutionary fading rate fits
our results very well indicating that the cluster for-
mation rate during the last <130 Myr was rather
constant. The noticeable feature in the cluster age
distribution is at (220 + 40) Myr age, indicating an
enhanced episode of cluster formation. It might
have been induced by an interaction with the M32
galaxy []. In Ref. [@] it was suggested that
M32 collided with M31 almost head-on about
210 Myr ago, and then passed through the M31
disk again about 110 Myr ago. However, we do
not see enhanced star formation around 110 Myr,
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Fig. 6. Derived cluster ages (left) and extinctions (right) versus published values [2, 43]. A bias of ages and
extinctions is visible: our method favours slightly lower extinction values and older cluster ages in accordance
with the parameter degeneracy shown in Fig. 4. The colours of dots correspond to the colour-bar indicating
the number of clusters overlapped at the same position.
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Fig. 7. Top: the distribution of the derived ages of
clusters more massive than 800 M ;. Middle: the dif-
ferential distribution of cluster ages (the same sam-
ple as above) shown by open circles (the size indi-
cates the uncertainty of data binning). The solid and
the dashed lines show the cluster evolutionary fading
rate and the cluster disruption rate, respectively. Slope
values for these lines are taken from Ref. [44]. Bot-
tom: the differences between the differential distribu-
tion of cluster ages and the function of the evolution-
ary fading rate of clusters.

which was noticed in the south-western part of
the M31 disk [@]. This might suggest that the sec-
ond passage of M32 occurred through the present-
day south-western part of the disk, and in the area
of this study, located on the opposite side of the gal-
axy, had a minor effect.

The drop of the differential cluster number dis-
tribution at ages of 2400 Myr (Fig. ﬁ) indicates
that the characteristic cluster disruption time in
the north-eastern part of the M31 disk might be
as large as 2300 Myr, which is in agreement with
other studies [E, @, @]. However, due to the low
number of clusters and the complex interaction be-
tween enhanced cluster formation and disruption
at these ages, we cannot determine this parameter
more accurately.

The deprojected images of massive (>800 M )
clusters’ surface density maps are shown in Fig.%.
To deproject the M31 disk, we applied the posi-
tion angle of the major axis of 37.7° and the disk
inclination of 77.5° [@]. These maps show some
circular structures instead of spiral arms. There-
fore, let us call them star cluster rings (SCRs).
The present-day SCRs are located at the ~6, ~10
and ~15 kpc radial distances from the galaxy’s cen-
tre; they are estimated from the radial distribution
of young (<100 Myr) and massive (>800 Mo) star
clusters (Fig. E).

The maps of clusters” surface number densities
(panels (a) and (c)) and median ages (panels (b)
and (d)) in the galaxy disk (Fig. B) demonstrate
a very slow evolution of cluster group structures.
The cluster surface number densities kpc are col-
our-coded according to the bar in the middle of
the figure; panel (a) shows a younger (<100 Myr)
cluster population, while panel (c) shows an older
one (100 < t < 400 Myr). The median ages (pan-
els (b) and (d)) are colour-coded according to
the bars on the right.

The radial profile of cluster surface number
density per Myr is shown in Fig. E It is calculated
for two age ranges within the azimuthal segment
of 60° (from -25 to +35° around the major axis).
The azimuthal range is limited due to the nar-
row PHAT survey mapping and our attempt to
have a complete coverage of the observed field
up to a ~20 kpc distance. The blue line represents
younger (<100 Myr) and the red line shows older
(100 < t <400 Myr) cluster populations. However,
to quantitatively compare the surface number
density of younger and older cluster populations,
a correction for the fading function should be ap-
plied by multiplying the surface number density of
the older population by a factor of ~3. This results
in about a 2-3 times higher surface number den-
sity of older clusters, compared to the present-day
population, in the 6 and 10 kpc SCRs. However,
the SCR at 15 kpc is visible only as a concentration
of younger clusters.

Our results show the vyounger clusters
(<100 Myr) residing in narrower SCRs compared
to the older (>100 Myr) cluster populations. This
suggests that clusters form in dense star-forming
regions and subsequently disperse into the gal-
axy. Nonetheless, the fact that this correlation
still holds for clusters ~400 Myr old indicates that
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Fig. 8. The maps of massive (>800 Mo) star clusters’ surface number densities (panels (a) and (c)) and median
ages (panels (b) and (d)) in the galaxy disk. The cluster number densities kpc™ are colour-coded according to
the bar in the middle of the figure; panels (a) and (c) show younger (<100 Myr) and older (100 < ¢ < 400 Myr)
cluster populations, respectively. The median ages (panels (b) and (d)) are colour-coded according to the bars
on the right. The vertical coordinate at X = 0.0 corresponds to the major axis of M31. Clusters located in the disk
closer to us have negative X coordinates, and the clusters residing on the more distant part of the disk have pos-
itive X coordinates. The circles indicate 9, 14 and 19 kpc distances from the galaxy centre.

the dispersion velocity of cluster groups relative
to their birthplaces is low. From the differences in
concentrations of younger and older cluster popu-
lations within the 10 kpc SCR (Figs E and E) we de-

0.015

0.010

N (Myr kpc™?)

0.005

0.000

R (kpc)

rived an upper limit for the radial spread of cluster
groups of <0.5 kpc during the ~300 Myr period.
This gives a rough estimate of cluster groups’ radial
velocity dispersion of less than ~2 km/s. Therefore,

Fig. 9. The radial profiles of massive (>800 M) star
clusters’ surface number density calculated per Myr
in two age ranges within the azimuthal segment
of 60° (from -25 to +35°). The blue line represents
younger (<100 Myr) and the red line shows older
(100 < t < 400) Myr clusters. The error bars indicate
the root-mean-square estimates of data scattering by
applying a radial binning procedure.
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it suggests star clusters to be very good long-lasting
tracers of the star-forming region morphology in
disk galaxies.

6. Conclusions

We used the multicolour Panchromatic Hub-
ble Andromeda Treasury (PHAT) survey data-
set [@] to derive parameters for a sample of 854
star clusters in the M31 galaxy. For this purpose,
we have developed an isochrone fitting procedure
for colour-magnitude diagrams of cluster stars.
Using the Bayesian method, we derived resolved
and semi-resolved star cluster ages and interstellar
extinctions.

The determined ages of the clusters indicate that
the cluster formation rate in the M31 galaxy was
rather constant during the last ~130 Myr. How-
ever, at least one active star-forming episode oc-
curred ~220 Myr ago. It might have been induced
by the passage of the M32 galaxy through the M31
disk ~210 Myr ago [@].

Derived cluster age distributions in the galaxy
show a striking stability of the cluster group loca-
tions during the ~300 Myr age interval. Younger
and older cluster groups tend to concentrate in
the same regions of the galaxy for extended periods
of time. This suggests a relatively slow dispersion
from their birthplaces. Therefore, clusters are reli-
able long-lasting tracers not only of the recent star
formation history but also of the star-forming re-
gion morphology in disk galaxies.
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ANDROMEDOS GALAKTIKOS DISKO ZVAIGZDZIU SPIECIU POPULIACIJOS
EVOLIUCIJA

M. Ceponis & R. Stonkuté *°, V. Vansevicius®

* Fiziniy ir technologijos moksly centras, Vilnius, Lietuva

® Vilniaus universiteto astronomijos observatorija, Vilnius, Lietuva

Santrauka

Tiksliausiai zZvaigzdziy spie¢iy parametrai nustatomi
analizuojant jy zvaigzdziy spalvos ir ryskio diagramas
(angl. colour-magnitude diagrams, CMD). Neseniai §is
btdas buvo panaudotas ,Panchromatic Hubble An-
dromeda Treasury“ (PHAT) apzvalgos zvaigzdziy
spieciy iki 300 mln. m. amzZiaus tyrimui. Siame darbe,
naudodami savo sukurta zvaigzdziy spie¢iy amziaus
ir tarpzvaigzdinés ekstinkcijos nustatymo metoda,

iSplétéme tiriamy Zzvaigzdziy spie¢iy amziaus ribg iki
700 mln. m. Atlikome 854 ZvaigzdZiy spieciy imties i§
PHAT apzvalgos analize. Parodéme, kad zvaigzdziy
spie¢iy formavimosi greitis Andromedos galaktikoje
(M31) buvo pastovus pastaruosius 130 mln. m. Tadiau
nustatéme reik§mingg Zvaigzdédaros suaktyvéjima,
jvykusj prie$ ~220 mln. m., kuris gali bati siejamas su
M32 galaktikos peréjimu per M31 diska.
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