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SUMMARY: This study investigates the empirical relationship between the ages and structural
concentration parameters (M) of globular clusters (GCs). It underscores the cosmological role of GC
ages as a lower limit for the Universe’s age and a probe of early galactic assembly. The analysis critiques
traditional age-dating challenges and leverages the superior astrometry of Gaia DR3 to compute A for
106 Galactic GCs, expanding previous methodological work. We calculate concentration parameters of
GCs using the Nuker profile fitting and analyze relationships with age determinations from major age
catalogs (2008—2020). Using four modern age catalogs (Valcin et al. 2020, Dotter et al. 2010, Forbes &
Bridges 2010, and VandenBerg et al. 2013), we find statistically significant inverse correlations (p < 0.05)
between A and age, with Pearson coefficients » = —0.52 to —0.78 and Spearman coefficients rs = —0.36
to —0.59. The core finding is a moderate to strong inverse correlation (r =~ —0.52 to —0.73) between A
and age in most modern catalogs, suggesting that older clusters are more centrally concentrated. The
correlation with dynamical age is weaker and not statistically significant (rs = —0.15, p = 0.233). No
significant correlation (0.30) is detected with the Koleva et al. (2008) data, potentially due to smaller
sample size and larger standard deviation (2.27 Gyr). Our findings could provide robust constraints
on galactic evolution scenarios and highlight the importance of homogeneous parameter analysis in the
GC research. The correlation strength is method-dependent, reflecting systematic differences between
catalogs. Furthermore, the synthesis indicates that the GC age likely serves as the dominant parameter
governing horizontal branch morphology. The established link between cluster age and present-day
structure could provide critical empirical constraints for models of stellar dynamics, galactic archaeology,
and cosmological timelines.
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INTRODUCTION

Bennett et al. 2013). Beyond their cosmological sig-

GCs are the oldest known stellar systems in the
Universe, and their derived ages provide a crit-
ical lower limit for the Universe’s minimum age
(Chaboyer et al. 1998, Freedman and Madore 2010,

© 2026 The Author(s). Published by Astronomical Ob-
servatory of Belgrade and Faculty of Mathematics, University
of Belgrade. This open access article is distributed under CC
BY-NC-ND 4.0 International licence.

nificance, these ages are pivotal for studying the early
Universe, as empirical correlations with other phys-
ical parameters offer key insights into evolutionary
formation processes (Carretta et al. 2010, Gratton
et al. 2012). The determination of GC ages is there-
fore fundamental to astrophysics, bridging the dis-
ciplines of stellar evolution, cosmology, and galactic
archaeology. In stellar astrophysics specifically, GCs
serve as unique natural laboratories because they
comprise coeval populations of stars with a range
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of masses, providing a snapshot of stellar evolution
(Renzini 2008).

However, the precise determination of their ages
faces significant challenges. Systematic uncertainties
persist due to degeneracies between fitted parameters
such as age, metallicity, and helium abundance. Fur-
ther complications arise from uncertainties in stellar
physics, including convective core overshooting and
elemental diffusion, as well as a reliance on an abso-
lute age scale calibrated from only a limited sample of
well-studied clusters (VandenBerg et al. 2014). These
factors collectively represent the primary obstacles to
achieving higher precision in the GC age dating.

Traditional approaches to the GC age determina-
tion have relied primarily on isochrone fitting of color-
magnitude diagrams (VandenBerg et al. 2014, Dotter
2016). However, these methods face significant chal-
lenges including age-metallicity degeneracies, uncer-
tainties in stellar physics, and limitations in absolute
calibration (Chaboyer et al. 2022). The Gaia DR3
release addresses many of these limitations through
improved parallax measurements (30% better preci-
sion than DR2), expanded radial velocity coverage
(40 clusters vs. 15 in DR2), and enhanced photo-
metric calibration (Gaia Collaboration et al. 2023,
Lindegren et al. 2021).

The GC age determination has evolved through
seminal contributions in three domains. Observa-
tional foundations were established by Sandage’s
pioneering analysis of color-magnitude diagrams
(Sandage 1954), while Chaboyer enabled cosmologi-
cal applications by determining ancient ages (12-13
Gyr) that set a lower limit on the Universe’s age
(Chaboyer et al. 1998). Theoretical modeling ad-
vanced through VandenBerg’s isochrones for metal-
poor stars (VandenBerg et al. 2014) and Dotter’s stel-
lar evolution libraries (Dotter et al. 2008). Observa-
tional precision was enhanced by Brown’s distance
scale refinements (Freedman et al. 2001), Anderson’s
HST (Hubble Space telescope) astrometry (Anderson
and van der Marel 2010), and Vallenari’s Gaia-based
recalibrations (Gaia Collaboration et al. 2018). Inde-
pendent verification methods include Richer’s white
dwarf cooling sequences (Hansen et al. 2007) and
Bedin’s deep HST photometry (Bedin et al. 2009),
providing crucial alternative age determinations. Pi-
otto’s discovery of multiple populations fundamen-
tally revised cluster formation models (Piotto et al.
2007). A modern synthesis of observational data,
theoretical models, and independent validation tech-
niques yields precise absolute ages for GCs, thereby
refining our understanding of stellar evolution and
cosmological timescales.

The correlation between GC ages and structural
parameters represents a powerful probe of dynamical
evolution over cosmological timescales. Early work
by King (1966) established the theoretical founda-
tion for understanding GC structure, while subse-
quent studies by Miocchi et al. (2013) expanded our
empirical knowledge of cluster profiles. The advent
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of large-scale surveys like Gaia has enabled system-
atic studies of GC populations across the Milky Way
(Vasiliev and Baumgardt 2021).

Age-structural parameter correlations (Mackey &
van den Bergh 2005) reveal how dynamical evolu-
tion drives increased core concentration in older clus-
ters. The age-mass function relationship (de Marchi
et al. 2007) demonstrates mass function flattening
due to low-mass star depletion over time. Gaia DR3
has revolutionized this field by enabling precise, ho-
mogeneous parameter analysis (Vasiliev and Baum-
gardt 2021). These correlations test stellar evolution
models (helium enrichment, mass loss) and constrain
galaxy formation scenarios through accretion dating.
Empirical age-parameter relationships remain crucial
tools connecting stellar evolution with galactic ar-
chaeology and cosmology.

The analysis of GC surface density profiles to de-
termine structural parameters was pioneered by King
(1966), whose models provide the standard frame-
work for fitting core, body, and halo profiles. Star-
count studies revealed deviations from simple King
models (described by Eq. 1), indicating extratidal
stars (Grillmair et al. 1995). At large radii, star
counts are essential for tracing outer profiles and
distinguishing stellar populations, as demonstrated
for post-core-collapse clusters (Noyola and Gebhardt
2006, Ferraro et al. 2003). Modern approaches like
Baumgardt (2017) use N-body simulations to fit ob-
served profiles, dynamically deriving masses and ac-
counting for evolutionary effects such as tidal strip-
ping and black hole retention.

The modern analysis of apparent surface density
profiles to determine structural parameters of GCs
was advanced by Nuritdinov et al. (2021), who used
the HST data to calculate the concentration param-
eter (\) for 26 Galactic GCs. Building directly upon
this methodology, our initial study (Turaev et al.
2024) extended this analysis to a sample of 81 clusters
using data from Gaia DR2.

This work constitutes a significant expansion of
those efforts. We analyze the apparent surface den-
sity profiles of 106 GCs from the superior Gaia
DRa3 archive, leveraging advanced methodological im-
provements. Our objectives are threefold, to compute
the concentration parameter for this expanded sam-
ple, to conduct a robust analysis of the empirical re-
lationship between A\ and cluster age, and to investi-
gate correlations between age with other fundamental
physical parameters.

2. COMPARATIVE ANALYSIS OF
GLOBULAR CLUSTER AGES
FROM KEY CATALOGS

Table 1 summarizes the five age catalogs used
in this study, including their methodologies, sam-
ple sizes, and statistical properties. A clear tempo-
ral progression is evident in the derived ages, with
mean estimates increasing from 11.1 + 0.4 Gyr (Kol-
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Table 1: Summary of age catalogs and correlation with A.

Parameter Koleva08 Dotter10 Forbes10  VandenBergl3 Valcin20
Method Spectroscopy HST/ACS Literature HST/ACS Bayesian+Gaia
N (ages) 40 66 93 55 68

N (with ) 28 43 59 40 46

Mean age (Gyr) 11.09 11.94 12.03 12.57 12.76

Std. Dev. (Gyr) 2.27 0.92 1.33 1.23 1.19
Correlation r 0.30 —0.78 —0.53 —0.73 —0.52
p-value 0.12 < 0.001 <0.001 <0.001 <0.001

eva et al. 2008) to 12.8 £0.1 Gyr (Valcin et al. 2020).
Importantly, Table 1 also reports the correlation co-
efficient between A and age for each catalog individ-
ually. The three catalogs with the highest precision
(Dotter et al. (2010): o = 0.92 Gyr; Valcin et al.
(2020): o = 1.19 Gyr; VandenBerg et al. (2013):
o = 1.23 Gyr) all show statistically significant inverse
correlations (r = —0.78, —0.52, and —0.73, respec-
tively, with p < 0.001 for all). Forbes and Bridges
(2010) (o = 1.33 Gyr) also shows a significant in-
verse correlation (r = —0.53, p < 0.001), while the
catalog with the largest age uncertainty (Koleva et al.
(2008): o = 2.27 Gyr) shows no significant correla-
tion (r = 0.30, p = 0.12). This pattern suggests
that the A-age correlation is real but requires precise
age measurements to be detected clearly. The sample
sizes differ between the full catalogs and the number
of clusters with available A measurements (column 4
of Table 1). This is because surface density profiles
could not be reliably fitted for all clusters due to poor
convergence or physical plausibility of the derived pa-
rameters (e.g., A < 0 or A > 15). A detailed descrip-
tion of the profile fitting procedure is given in Section
3. The mean age (row 4 of Table 1) is computed as
an unweighted average of all available catalog values.

3. CALCULATING CONCENTRATION
PARAMETER OF GLOBULAR
CLUSTERS

The HST pioneered apparent surface density ob-
servations for 26 GCs, providing foundational data
for structural analysis (Miocchi et al. 2013). Surface
density profiles are derived by dividing the cluster
into concentric annuli of equal area, establishing the
relationship between stellar counts and the radial dis-
tance from the cluster center.

GCs typically exhibit centrally peaked stellar con-
centrations, with each cluster displaying a unique
concentration gradient. Nuritdinov et al. (2021) in-
troduced a generalized concentration parameter to
quantify this central concentration using a modified
King model (King 1966):

(00, A7) = 00(1+ )

(1)

*
where A is the concentration parameter (represents
the increasing rate of stellar concentration towards
the center), r, is the scale radius marking the transi-

tion to a steeper profile, and o is the central surface
density. The authors applied simplex minimization
(described by Eq. 2) to the HST data for 26 clusters’
to determine structural parameters:

F(O’(),A,’f’*) = Z[O’(T’, 0'0,)\77"*) - O.(I)Cbs]2
k

Subsequently, they validated these results using
the x? minimization (Nuritdinov et al. 2022):

(2)

o(r, o0, \, T —aifsz
Xzzz[( 0, A T'x) = Oyl
U(T,Uo,)\,’f’*)

3)
k

The empirical relationship between concentration
parameters and cluster ages for 22 of these clusters
was subsequently analyzed by Turaev and Rashidov
(2025).

The Gaia DR2 project significantly expanded this
data set, providing surface density profiles for 81 clus-
ters (de Boer et al. 2019). In Turaev et al. (2024),
the Nuker model (described by Eq. 4) was identified
as the optimal fit for Gaia DR2 surface density data:

U(T7>\1a)\2,T*700) = 0'0( " )7>‘1(1 + L (4)

/]n* ,,1*
Here, A\ and Ay are concentration parameters for the
inner and outer parts of the surface density profiles,
respectively. In this case, A\ + A2 = A is the concen-
tration parameter for the whole profile. The values of
this parameter are given in column 2 of Table 2. For
comparison, the traditional King (1966) concentra-
tion parameter ¢ = log(r;/r.) measures the ratio of
tidal to core radius. Unlike ¢, which depends on the
outer truncation radius, the Nuker-based A(A; + A2)
characterizes the asymptotic slope of the outer
density profile in the halo region. Our comparison
reveals a weak, statistically non-significant negative
correlation (Spearman p = —0.16, p = 0.23), indi-
cating that while both parameters relate to cluster
structure, they capture distinct physical properties.
The King (1966) c is sensitive to the core-to-tidal size
ratio, whereas A primarily describes the steepness
of the outer envelope. Thus, A offers complemen-
tary information about the outer dynamical state,
particularly for clusters undergoing tidal disruption.
The structural parameters of the Model (described
by Eq. 4) were calculated using the simplex minimiza-

).

Lhttp://www.cosmic-lab.eu/catalog/
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tion method. In addition to the structural parame-
ters, we incorporate a proxy for dynamical evolution
by introducing the dynamical age of the cluster. The
dynamical age is defined as the number of elapsed
half-mass relaxation times:

Tdyn = Age (5)

ten

where t,;, is the half-mass relaxation time taken from
the Harris (2010) catalog. This parameter provides
a physically motivated measure of cluster dynamical
evolution, complementing the chronological age used
throughout this study.

Subsequently, the observational dataset was ex-
panded through the Gaia DR3 project, increasing
the number of GCs with measured surface brightness
profiles to 106%. Based on these updated observa-
tions, we calculate the concentration parameter (\)
for newly observed GCs using model (described by
Eq. (4)) and analyze its relationship with age of the
cluster. Furthermore, since the age values for the
clusters in the key references in this paper were de-
rived using different methodologies and consequently
vary from one another, we identify and conduct a
comparative analysis of the empirical relationships
between the concentration parameter and the age val-
ues specifically derived for each individual reference
study.

4. RELATIONSHIP BETWEEN AGE AND
PHYSICAL PARAMETERS OF
GLOBULAR CLUSTERS

4.1. Dominant Parameters in Globular

Cluster Evolution

A synthesis of key studies establishes that age is
the dominant second parameter governing GC prop-
erties after metallicity. Strong correlations exist be-
tween the age and horizontal branch (HB) morphol-
ogy, metallicity, and Galactic position, revealing the
Milky Way’s assembly history. The long-standing
”second parameter problem”, where metallicity alone
cannot explain the HB morphology diversity, finds
its solution in cluster age. Dotter et al. (2010), us-
ing homogeneous HST/ACS photometry of 60 GCs,
demonstrated that after removing metallicity effects,
the correlation between A(V — I) (HB morphology
indicator) and age is stronger than that of any other
parameter. They conclusively identified age as the
second parameter, with central density as a likely
third parameter.

Marin-Franch et al. (2009) and De Angeli et al.
(2005) found that metal-poor clusters ([Fe/H] <-1.7)
are old and coeval, with an age dispersion consistent
with zero. In contrast, intermediate-metallicity clus-
ters (-1.7 <[Fe/H] <-0.8) are, on average, 1.5 Gyr
younger, showing significant age dispersion. This bi-
furcation points to an extended, multi-phase forma-
tion history for the Galaxy. Evidence from massive

2https://gea.esac.esa.int /archive/
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clusters suggests the internal cluster dynamics, likely
tied to the central density, acts as a third parameter
influencing detailed chemical signatures.

Carretta et al. (2010) demonstrated that mas-
sive GCs like M54 and w Centauri exhibit intrin-
sic metallicity dispersions and complex light-element
anti-correlations (e.g., Na-O, Mg-Al). Crucially, the
most extreme chemical anomalies are found in the
metal-rich components of these clusters, indicating
that star formation for this population was delayed
by 10-30 Myr. This requires a dense environment to
retain processed gas from a first generation of stars.

GC ages and metallicities show a bifurcated rela-
tionship tracing different formation pathways. Forbes
and Bridges (2010) analyzed 93 GCs, finding two
distinct tracks: an ancient, metal-poor population
(~ 12.8 Gyr) and a younger population dominated by
accreted clusters from dwarf galaxies such as Sagit-
tarius and Canis Major. They estimated that 25% of
the Galactic GC system was accreted, with accreted
clusters showing distinct chemical enrichment histo-
ries.

The oldest GCs provide a lower limit to the Uni-
verse's age. Valcin et al. (2020) determined a mean
age of 13.32 £0.10 Gyr for the most metal-poor GCs
using Bayesian analysis of 68 clusters, inferring a Uni-
verse age of ty = 13.5 Gyr. This independently con-
firms the cosmological constraints from Planck CMB
measurements (Planck Collaboration et al. 2020).

VandenBerg et al. (2013) established central den-
sity as a critical third parameter in GC evolution,
linking high density to distinct subgiant morpholo-
gies and a higher incidence of multiple stellar popu-
lations, likely from retained gas for second-generation
stars. This reveals a hierarchical framework: metal-
licity is the primary parameter, age controls horizon-
tal branch morphology, and central density regulates
multiple population formation. These correlations,
supported by the HST photometry and spectroscopy,
form an empirical basis for Galactic evolution models.

4.2. Age - Concentration Parameter

Relationship

A discrepancy exists between the sample sizes of
clusters with determined concentration parameters
versus those with age values across literature sources.
For instance, in Valcin et al. (2020), age values are
provided for 112 clusters, while concentration param-
eter values are calculated for 46 of these clusters.
In Dotter et al. (2010), age values are given for 66
clusters, with concentration values available for 43 of
them. In VandenBerg et al. (2013), among 55 clus-
ters with age determinations, concentration parame-
ters are calculated for 41 clusters. Forbes and Bridges
(2010) provides age values for 93 clusters, with con-
centration values determined for 59 clusters. In Kol-
eva et al. (2008), concentration parameters are calcu-
lated for 28 out of 40 clusters with available age data.
Although surface density profiles were constructed for
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Table 2: Concentration parameter (A) and age values of GCs compiled from key catalogs.

GC Name A Valcin20 Dotterl0 Forbesl0 VandenBergl3 Koleva08 Mean Age (Gyr)

Arp 2 3.3 13.42 13 10.88 12 - 12.33
1C 4499 5.7 12.8 - - - - 12.80
E3 3.43 - - 12.8 - - 12.80
NGC 104 3.01 13.54 12.75 13.06 11.75 10.7 12.36
NGC 288 5.8 11.2 12.5 10.62 11.5 - 11.46
NGC 1261 5.38 - 11.5 10.24 10.75 - 10.83
NGC 1904 3.71 - - 11.14 - 11.7 11.42
NGC 2298 4.84 13.89 13 12.67 - 12.6 13.04
NGC 2419 3.84 - 13 12.3 - - 12.65
NGC 2808 3.99 10.93 - 10.8 11 10.2 10.73
NGC 3201 3.41 13.05 12 10.24 11.5 11.3 11.62
NGC 4147 1.7 13.02 12.75 11.39 12.25 - 12.35
NGC 4590 5.12 12.03 13 11.52 12 - 12.14
NGC 4833 1.2 14.69 13 12.54 12.5 - 13.18
NGC 5024 3.27 12.11 13.25 12.67 12.25 - 12.87
NGC 5139 6.42 14.91 - 11.52 - - 13.22
NGC 5272 3.59 12.6 12.5 11.52 11.75 - 12.09
NGC 5466 2.88 12.31 13 13.57 12.5 - 12.85
NGC 5634 3.29 - - 11.84 - - 11.84
NGC 5694 2.48 - - 13.44 - - 13.44
NGC 5824 4.27 - - 12.8 - - 12.80
NGC 5904 3.6 12.75 12.25 10.62 11.5 10.9 11.60
NGC 6093 3.24 13.83 13.5 12.54 - - 13.29
NGC 6121 5.48 13.01 12.5 12.54 11.5 11.7 12.25
NGC 6144 1.96 14.47 13.5 13.82 12.75 - 13.64
NGC 6171 4.33 - 12.75 13.95 12 11.7 12.60
NGC 6205 4.1 13.49 13 11.65 12 - 12.54
NGC 6235 3.71 12.85 13 11.39 - 12 12.31
NGC 6254 5.61 - - 11.39 11.75 11.8 11.65
NGC 6266 2.07 - - 11.14 - 12 11.89
NGC 6273 2.95 - - 11.9 - - 11.90
NGC 6284 2.01 - - 11.14 - 12 11.57
NGC 6287 5.04 - - 13.57 - - 13.57
NGC 6316 - - - - - 10 10.00
NGC 6341 1.55 13.3 13.25 13.18 12.75 - 13.12
NGC 6342 2.2 - - 12.03 - 12 12.02
NGC 6366 7.15 12.15 12 13.31 11 - 12.12
NGC 6388 2.38 11.07 - 12.03 - 10.6 11.23
NGC 6397 0.93 14.21 13.5 12.67 13 - 13.35
NGC 6426 1.76 13.92 - 12.9 - - 13.41
NGC 6441 4.13 10.44 - 11.26 - 12.7 12.08
NGC 6496 6.37 10.86 12 12.42 10.75 - 11.51
NGC 6541 2.21 13.51 13.25 12.93 12.5 - 13.05
NGC 6569 4.47 - - - - 10.9 10.90
NGC 6584 1.13 12.72 12.25 11.26 11.75 - 12.00
NGC 6624 1.28 11.26 13 12.54 11.25 10.6 11.73
NGC 6626 3.12 - - - - 12 12.00
NGC 6637 3.74 12.95 12.5 13.06 11 10.6 12.02
NGC 6638 5.92 - - - - 11.5 11.50
NGC 6652 1.89 12.98 13.25 12.93 11.25 11.4 12.36

NGC 6681 1.25 13.87 13 12.8 12.75 - 13.11
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Table 3: Concentration parameter (A) and ages of GCs from key catalogs (continued from Table 2).

GC Name A Valcin20 Dotterl0 Forbesl0 VandenBergl3 Koleva08 Mean Age (Gyr)
NGC 6715  4.58 12.22 - - 11.75 - 11.99
NGC 6717  2.46 11.65 13 13.18 12.5 - 12.58
NGC 6723 3.34 13.81 12.75 13.06 12.5 11.6 12.74
NGC 6752 2.24 13.48 12.5 11.78 12.5 12.2 12.49
NGC 6779 3.14 14.85 13.5 13.7 12.75 - 13.70
NGC 6809 4.32 13.93 13.5 12.29 13 - 13.18
NGC 6864 12.03 - 9.98 - - - 9.98
NGC 6934 5.05 13.24 12 11.14 11.75 - 12.03
NGC 6981 3.24 12.72 12.75 10.88 11.5 - 11.96
NGC 7078 1.43 13.28 13.25 12.93 12.75 12 12.84
NGC 7089 2.91 13.08 12.5 11.78 11.75 - 12.28
NGC 7099 1.38 12.82 13.25 12.93 13 - 13.00
NGC 7492  4.76 - - 12 - - 12.00
Pal 12 10.42 9.94 9.5 8.83 9 - 9.32
Terzan 7 8.53 8.1 8 7.3 - - 7.80

106 Galactic GCs using Gaia DR3 data, only 65 clus-
ters were included in the correlation analysis. Age
values are not available for all clusters. The num-
ber of clusters where age values (available in the key
literature) and A values intersect is 65. Of course,
A values are not calculated for all clusters, clusters
with slopes A < 0 or A > 15 that do not have phys-
ical meaning, e.g. Ruprecht 106, Pyxis, E3 (but age
values for these clusters are not available in the key
literature).

We separately calculate the correlation coefficients
between the concentration parameter and the age
provided in each of the aforementioned literature
sources. Additionally, we examine the correlation
between the concentration parameter and the arith-
metic mean of age values available across all literature
sources for each cluster. To assess the physical origin
of the observed correlations, we repeat the analysis
using dynamical age (7ayn) as an alternative inde-
pendent variable. This allows us to test whether the
concentration parameter is more strongly linked to
dynamical evolution rather than absolute formation
time. A comparison between chronological and dy-
namical age correlations is presented in Table 4.

A=(axAa)T+ (B AP) (6)

The linear empirical formulas between the age 7
and the concentration parameters \ are determined
according to Eq. (6), and the obtained correlation
coefficients and the coefficients of the empirical for-
mula (o and § with standard deviations) between
the parameters are provided in Table 5. Fig. 1 dis-
plays the relationship diagrams between stellar pop-
ulation ages and concentration parameters for GCs,
as derived from individual literature sources. The
observed scatter in these diagrams reflects a combi-
nation of measurement uncertainties in both age and
A, as well as intrinsic differences in cluster evolution-
ary histories, including variations in relaxation times,
orbital parameters, and tidal interactions.
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It can be seen from this table that there are
good negative correlations with the age values from
VandenBerg et al. (2013) and Dotter et al. (2010)
(specifically -0.73 and -0.72, respectively). Relatively
weak negative correlations exist with age values cor-
responding to Valcin et al. (2020), Forbes and Bridges
(2010), and Mean age (specifically -0.52, -0.53, and -
0.55, respectively). Unfortunately, no correlation was
found between the concentration parameter and the
age values provided by Koleva et al. (2008). This sit-
uation may be attributed to the relatively small num-
ber of clusters, the relatively large standard deviation
(2.27), and the uncertainties in the initial analysis
methods.

The use of multiple age catalogs introduces po-
tential systematic differences due to varying method-
ologies. However, this approach allows us to test the
robustness of the inferred correlations across inde-
pendent datasets. We find that the inverse relation-
ship between A\ and age persists when restricting the
analysis to more recent and homogeneous catalogs,
indicating that the observed trend is not driven by
systematic biases in any single study. To ensure sta-
tistical robustness, we complement the Pearson cor-
relation analysis with Spearman rank correlation co-
efficients and corresponding p-values. The Spearman
test is less sensitive to outliers and non-linear trends,
providing a more reliable assessment of monotonic
relationships.

We note that the Spearman rank correlation co-
efficients are systematically lower than the Pearson
coefficients (Table 5), particularly for the Forbes and
Bridges (2010) catalogs. This suggests that the re-
lationship between A and age is approximately linear
but with some scatter, and that the correlation is not
driven by outliers. The consistency of the sign (nega-
tive) and statistical significance (p < 0.05) across all
four independent catalogs confirms the robustness of
the observed inverse correlation.
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(a) Valcin et al. (2020)
N =46 | Pearson r = -0.52 (p = 0.0002) | Spearman r= -0.36

8 9 10 1 12 13 14 15
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(c) Forbes \& Bridges (2010)
N =59 | Pearson r =-0.53 (p <0.0001) | Spearman r_s =-0.36
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(b) Dotter et al. (2010)
N =43 | Pearson r =-0.78 (p < 0.0001) | Spearman ro= -0.58
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(d) VandenBerg et al. (2013)
N =40 | Pearson r =-0.73 (p < 0.0001) | Spearman ro= -0.59
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Fig. 1: Diagrams of age-concentration parameter relationships for GCs from key references.

Table 4: Comparison of correlations with chronological and dynamical age.

Variable Spearman s p-value Pearson r
Chronological Age (mean) 65 —0.58 <0.001 —0.55
Dynamical Age (Nyejar = Age/t.n) 65 -0.15 0.233 -0.12

Table 5: Correlation between the concentration parameter A and cluster ages from individual catalogs. Pearson
correlation coefficients (r) with corresponding linear regression parameters («, [3) and Spearman rank correlation

coefficients (rs) with p-values.

Catalog N Pearson r p-value a (slope) B (intercept) Spearman r; p-value
Valcin et al. (2020) 46 -0.52 <0.001 —-0.34+0.09 14.02+0.35 -0.36 0.013
Dotter et al. (2010) 43 -0.78 <0.001 —-0.36+0.06 13.96=+0.23 -0.58 <0.001
Forbes & Bridges (2010) 59 -0.53 <0.001 —-0.30+0.06 13.12+0.27 -0.36 0.006
VandenBerg et al. (2013) 40 -0.73 <0.001 —0.30+0.05 12.9440.18 -0.59 <0.001

To assess whether the scatter in Fig. 1 is influ-
enced by environmental effects, we performed a basic
sanity check by examining the correlation between
A and Galactocentric distance (Rgc), using values
from the Harris (2010) catalog. We find no statis-
tically significant correlation (Spearman p = 0.09,
p = 0.47), suggesting that Rgc is not a primary
driver of the observed scatter within the present sam-
ple. Nevertheless, we caution that Rgc represents
only a snapshot of the current Galactic environment.
A more complete treatment including orbital param-

eters (e.g., perigalactic distances and orbital eccen-
tricities) would be required to fully disentangle the
role of tidal interactions.

5. CONCLUSION

This study systematically investigated the corre-
lation between the structural concentration param-
eter (\) and the ages of Galactic GCs, utilizing an
expanded sample of 106 clusters and comparing five
major age catalogs spanning 2008-2020. Our anal-
ysis reveals a moderate to strong inverse correlation
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(r = —0.52 to —0.73) between A and age in the ma-
jority of modern catalogs. This robust empirical re-
lationship indicates that older GCs tend to exhibit
higher central concentration — a result consistent
with long-term dynamical evolution where processes
such as two-body relaxation and mass segregation
drive an increase in central density over cosmic time.

5.1. Implications for Galactic Assembly

Scenarios

The observed inverse correlation between A and
age has direct implications for Galactic assembly sce-
narios. The oldest, most concentrated clusters (e.g.,
NGC 6341 with A = 1.55, age 13.1 Gyr) likely formed
during the early, violent collapse phase of the Milky
Way, when high ambient gas densities promoted ef-
ficient core concentration. In contrast, younger, less
concentrated clusters (e.g., Pal 12 with A = 10.42, age
9.3 Gyr) show lower concentration, consistent with
their formation in dwarf galaxies that were later ac-
creted by the Milky Way. This bifurcation in A-age
space supports the dual formation channel proposed
by Forbes and Bridges (2010): an in situ population
of ancient, concentrated clusters and an accreted pop-
ulation of younger, less concentrated clusters. The
wide scatter in A among intermediate-age clusters
(10-12 Gyr) may reflect the diversity of accretion
events that assembled the Milky Way’s halo. We find
that the correlation between A and dynamical age is
weaker and statistically not significant compared to
that with chronological age (Table 4).

The weak and statistically non-significant corre-
lation between A and dynamical age (Spearman rs =
—0.15, p = 0.233) merits discussion. This finding
suggests that the concentration parameter A is more
sensitive to initial formation conditions rather than
the subsequent dynamical evolution time expressed
in units of relaxation time. Several factors may con-
tribute to this result. First, half-mass relaxation
times (¢,5) depend on cluster mass and half-mass ra-
dius, parameters that themselves correlate with con-
centration. This introduces a degree of circularity
when constructing the dynamical age proxy. Second,
the wide range of relaxation time estimates (spanning
approximately two orders of magnitude) may wash
out any underlying correlation. Third, clusters of the
same chronological age can be at different dynamical
stages depending on their mass, orbital history, and
tidal environment. Therefore, while dynamical age is
theoretically the more relevant parameter for quanti-
fying evolutionary progress, chronological age proves
to be a more practical empirical tracer of structural
concentration for Galactic GCs with the current data
quality. These results should be interpreted as em-
pirical correlations rather than direct evidence of dy-
namical evolution.

The absence of a significant correlation with the
Koleva et al. (2008) catalog (r = 0.30) likely stems
from its comparatively smaller sample size and larger
intrinsic scatter (standard deviation of 2.27 Gyr com-
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pared to 0.92-1.33 Gyr for more recent catalogs), un-
derscoring the substantial impact of systematic un-
certainties and methodological homogeneity on de-
rived empirical relationships. These core findings
highlight a hierarchical parameter framework govern-
ing GC evolution: metallicity as the primary driver,
age as the dominant second parameter shaping hor-
izontal branch morphology, and central density —
probed here by A — acting as a key third parame-
ter regulating internal dynamics and the formation
of multiple populations.

5.2. Prospects for Future Surveys

Future large-scale surveys will dramatically im-
prove our ability to refine these correlations. Gaia
DRA4, expected to deliver proper motions for an or-
der of magnitude more stars, will enable surface den-
sity profile construction for nearly all known Galac-
tic GCs, expanding our sample from 106 to approx-
imately 150 clusters. The Vera C. Rubin Observa-
tory’s Legacy Survey of Space and Time (LSST) will
provide deep, multi-epoch photometry reaching the
main-sequence turnoff even in the most distant GCs,
enabling homogeneous age determination for clusters
currently lacking precise age measurements. Further-
more, the combination of structural parameters from
Gaia and chemical abundances from upcoming spec-
troscopic surveys (e.g., WEAVE, 4AMOST) will allow
us to disentangle the competing effects of age, metal-
licity, and dynamics on the present-day structure of
GCs. These upcoming datasets will enable a transi-
tion from empirical correlations to a physically moti-
vated predictive framework.

Our results provide critical empirical constraints
for models of star cluster dynamics, galactic archae-
ology, and cosmological timelines, reaffirming GCs
as indispensable probes of early-Universe conditions
and galaxy assembly. The concentration parameter
A emerges as a powerful, complementary tool for
tracing cluster evolutionary states, particularly when
combined with precise age determinations. Future
work combining larger astrometric samples with de-
tailed chemical abundance measurements will further
refine these correlations and their physical interpre-
tations.
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YK 524.4-327:524.6: 524.8
Opueunasiy HayuHL pPao

OBa cTyamja uCTpasKyje eMIUPUjCKy Be3y u3-
MeDby crapocTu u CTpyKTYpHUX mapamMeTrapa KOH-
nenrpanuje (A) raobyaapuux jata (enr. globular
clusters, GCs). IlocebGHO ce mCTHYE KOCMOJIOMI-
K& yJiora CTapoCTu rI00yJIapHUX jaTa Kao I0-
Be I'PaHNIE CTAPOCTUA Y HUBEP3YMa U TOKA3ATEha
paHor ¢opMumpama rajakcuja. Ananmsa ykasyje
Ha OUpaHUYEHA TPAJUIUOHATIHUX METOIA OIpe-
buBama cTapoCTM M KOPUCTU NPEAHOCTU BUCO-
ko mpenusHe actpomerpuje Gaia DR3 rarasmora
3a u3padyHaBame mapamerpa A 3a 106 ramak-
TUYKUX TJI0OYJapHUX jaTa, YMMe Ce MIPOUUpPY]y
NpeTXOnHa METOMOJIOMIKA WUCTpakuBama. llapa-
MeTpU KOHIEHTPaInje riIobyIapHuX jaTa u3pavy-
Hatu cy ¢uroBameM Hyxrep (Nuker) npoduiom, a
3aTUM Cy aHAJU3UPaHE HUXOBE Be3e Ca MPOIeHA-
Ma, CTApPOCTU M3 TJIABHUX KATAJIOTa CTApOCTU 00-
jaBmenux y mepuomy 2008-2020. Kopumhemem
ueTupu caBpeMeHa karaJsora crapoctu (Valcin et
al. 2020, Dotter et al. 2010, Forbes & Bridges 2010
u VandenBerg et al. 2013), noGujene cy crartuc-
TUYKM 3HadajHe nHBep3He kopenamuje (p < 0,05)
u3mebhy A m crapoctu, ca IlupconoBum koedu-
mujertuma 7 = —0,52 no —0,78 u CuupmanoBum
roedunujentTuma ry = —0,36 mo —0,59. I'nmaBHM

38

pesyirar pana je mpoHabeHa ymepeHa m0O jaka
nuBep3Ha Kopenanuja (r ~ —0,52 mo —0,73) us-
meby A u crapoctu y Behunu caBpemeHnux kara-
Jora, mMTO yKa3yje Ha TO Ja Cy CTapuja jaTa BUIIE
LEeHTPAJIHO KOHIeHTpucaHa. Kopenanuja ca quHa-
MUYKOM CTApOIINy je ciabuja v HUje CTATUCTUAY-
kr 3Hauvajua (rs = —0,15, p = 0,233). Huje youe-
Ha 3HauajHa ropenamuja (0,30) ca momammma u3
paza Koleva et al. (2008), mro je moryhe nociuenu-
na Mamer y3opka u Behe crapmapnne nesumjanuje
(2,27 Gyr). Hobujenu pe3ynaTaTu MOTY OPYRUTU
3Ha4YajHa OFPAHUYEHa 3a CIeHapUje rajlaKTUJKe
€BOJIYIINj€ U YKa3yj]y Ha Ba)KHOCT XOMOTEHEe aHa-
nu3e mapaMeTrapa y UCTPaKABamy [UIODYJIapHUX
jara. Jaunna kKopejamuje 3aBUCH O IPUMEHEHE
MeTOZe, M ONpPaKkaBa CHUCTEMATCKE PAa3JINKe W3-
meby rarasmora. Ilopen tora, curTesa pesyarara
KJLYUYHUX CTYIWja YKa3yje ma CTapoCT ryiodymap-
HUX jaTa BEPOBATHO IPEICTAB/bA JOMUHAHTAH IIa-
pamerap koju ozapebyje MOpQOIOrujy XOPU30H-
TajHe TpaHe. Y TBpheHa Besza uaMeDy crapocTu
jaTa M BUXOBE CATAINKBE CTPYKTYDPE MOMKE MIPY-
JKUTHU BAKHA €MIINPHjCKa OrpaHMYEHa 38 MOIEJIe
3Be3laHe OWHAMUKE, aJIAaKTUUYKE apPXeoJoruje u
KOCMOJIOIIKE BPEMEHCKE OKBUDE.
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