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Abstract

We apply the angular two-point correlation function (TPCF) to the spatial distributions of young star clusters
(YSCs) in four nearby star forming galaxies (NGC 628, NGC 4449, M51, and M83) in order to investigate their
underlying hierarchical structuring. Using newly constructed catalogs of YSCs in the emerging phase (eYSCs),
identified in the infrared with JWST, and optical YSCs detected in archival Hubble Space Telescope data, we
compute the TPCFs for various cluster samples and age bins across the four galaxies, as part of the Feedback in
Emerging extrAgalactic Star ClusTers (FEAST) program. We find clear evidence of hierarchical structuring,
especially in eYSCs and YSCs with ages <10 Myr (referred to as 0YSCs), which show similar TPCFs within
each galaxy. NGC 628 exhibits a clear distinction between the TPCFs of eYSCs and oYSCs, implying a shorter
randomization timescale. In contrast, clusters aged 10-300 Myr exhibit progressively more random spatial
distributions, becoming effectively random after ~100 Myr, consistent with earlier studies. The two-dimensional
fractal index D, values of the YSCs’ underlying distributions are calculated from model fits to the TPCFs. Our
values of D, derived from the youngest YSC populations align better with the expected value of D, ~ 1.3 for a
universal star formation process compared to previous findings.

Unified Astronomy Thesaurus concepts: Galaxies (573); Galaxy structure (622); Interstellar medium (847);
Astrosphere interstellar medium interactions (106); Star clusters (1567); Globular star clusters (656); Star
formation (1569); Young star clusters (1833)

1. Introduction clusters are direct products of the star formation process, and
they inherit the fractal structure of the interstellar medium (ISM)

they are born within (D. M. Elmegreen & J. J. Salzer 1999;
sort of stellar aggregate (C. J. Lada & E. A. Lada 2003). The B. G. Elmegreen et al. 2003; B. G. Elmegreen & J. Scalo 2004;

densest types of stellar aggregates are star clusters: gravitationally B. G. Elmegreen 2007; E. A. Bergin & M. Tafalla 2007;
bound stellar systems with radii of order 0.5-10 pc and masses J. R. Beattic et al. 2019: M. R. Krumholz et al. 20 19) Their
3 o . ' . R . ; M. R. . .

10° < M,/M; < 10" (S. F. Portegies Zwart et al. 2010; bright nature and intimate link to the ISM makes young star

J. E. Ryon et al. 2017; G. Brown & O. Y. Gnedin 2021). Star clusters (YSCs) a fruitful avenue for probing the physical
processes governing hierarchical star formation.

21 ARC DECRA Fellow. The star format.ion process is hierarchical and self—sirnilar in
both space and time (J. M. Scalo 1985; Y. Li et al. 2005;
B. G. Elmegreen & D. A. Hunter 2010; K. Grasha et al. 2017),

It is well established that the majority of stars form in some

Original content from this work may be used under the terms . .

BY of the Creative Commons Attribution 4.0 licence. Any further ranging . from kiloparsec to . parsec scales. The scale-free,
distribution of this work must maintain attribution to the author(s) and the title fractal-like nature of the ISM is thought to be set by turbulence
of the work, journal citation and DOL and gravitation (B. G. Elmegreen 1989), both of which are key
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Table 1
An Overview of the Sample Used in This Work
1 (@) 3 )] &) (6) @ ®) ©) (10) (1) (12)
Galaxy Morphology T Type D i R>s log (M) log (M) SFR 1 Ney sc1 Ney sc it Ny sc
(Mpc) (deg) (kpe) M) Me) M, yr)
NGC 628 SAc 5.2 9.84 8.9 5.23 10.3 9.7 1.74 628 487 2764
NGC 4449 IBm 9.8 4.0 68.0 3.1 9.0 9.32 0.94 167 182 430
M51 SAbc 4.0 7.5 22.0 5.6 10.4 9.36 6.88 1554 737 1890
M83 SAB(s)c 5.0 4.7 24.0 9.18 10.5 9.98 4.17 958 400 2507

Note. Column (1): the name of the galaxy. Column (2): its morphology as listed in the NASA /TIPAC Extragalactic Database. Column (3): its morphological T type as
listed in Hyperleda. Column (4): the distance to the galaxy in Mpc, adopted from (in order) A. K. Leroy et al. (2021), D. Calzetti et al. (2015), G. Csornyei et al.
(2023), and L. Della Bruna et al. (2022) Column (5): inclinations of the galaxy in degrees, adopted from (in order) P. Lang et al. (2020), D. A. Hunter et al. (2005),
D. Colombo et al. (2014), and G. Comte (1981). Column (6): standard isophotal radii adopted from G. de Vaucouleurs et al. (1991). Column (7): galaxy stellar mass,
adopted from A. K. Leroy et al. (2021), for NGC 628 and M83, and from D. Calzetti et al. (2015), for NGC 4449 and M51. Column (8): galaxy total HI mass adopted
from the same works as the total stellar mass. Column (9): UV star formation rates (SFRs) adopted from the same works as the total stellar mass. Columns (10)—(11):
the number of eYSC Is, eYSC IIs, and YSCs used in the analysis following the sample cuts described in Section 2.2.3.

processes governing current theories of star formation
(B. G. Elmegreen & Y. N. Efremov 1996). In this hierarchy,
dense regions are nestled within less dense regions, with stars
and star clusters forming in the densest regions of the
hierarchy. The majority of regions in this hierarchy are
unbound. YSCs inherit the structure of this hierarchy from
their natal clouds (K. Grasha et al. 2018; J. A. Turner et al.
2022) and remain bound for several to tens of Myr. This,
paired with their bright (observable) nature, makes YSCs
useful tracers of underlying hierarchical structure and allows
for comparison across a range of ages. This makes their spatial
distribution especially useful in tracing the underlying ISM
structure. One way to gain insights from this spatial
distribution is the two-point correlation function (TPCF).
The TPCF quantifies the degree of clustering in a distribution
of points through comparison to a similar random distribution
at a given scale (P. J. E. Peebles 1980). Indeed, efforts have
been made to investigate the hierarchical star formation
process using the spatial distributions of YSCs in local volume
galaxies (Q. Zhang et al. 2001; N. Bastian et al. 2005;
K. Grasha et al. 2015, 2017; S. H. Menon et al. 2021).

The spatial resolution and sensitivity of the Hubble Space
Telescope (HST) provided the ability to obtain large catalogs
of star clusters (e.g., B. C. Whitmore et al. 2011; R. Chandar
et al. 2014; L. C. Johnson et al. 2016; A. Adamo et al. 2017;
M. Messa et al. 2018) out to <20-30 Mpc, and much of the
previous work using the TPCF to probe hierarchical structure
with YSCs used these catalogs (e.g., K. Grasha et al.
2015, 2017; S. H. Menon et al. 2021; J. A. Turner et al.
2022). However, the earliest stages of a YSC’s life are
obscured by their natal clouds and undetectable in the optical
regime (H. A. Kobulnicky & K. E. Johnson 1999; K. E. John-
son et al. 2001). Consequently, previous surveys missed on
average 60% of YSCs in their embedded phase (M. Messa
et al. 2021). The advent of JWST now allows us to probe this
embedded phase, producing catalogs of embedded YSCs
(eYSCs; e.g., S. T. Linden et al. 2023, 2024; M. J. Rodriguez
et al. 2023; B. C. Whitmore et al. 2023; R. C. Levy et al. 2024;
A. Pedrini et al. 2024; A. Knutas et al. 2025; A. Adamo et al.,
in preparation).

eYSCs are inherently more closely coupled to the ISM than
clusters detected in the optical, making them prime candidates
for probing the hierarchical and scale-free structure of the ISM

through their spatial distributions. Using new eYSC catalogs
and updated optical YSC catalogs produced by the Feedback
in Emerging extrAgalactic Star ClusTers (FEAST; JWST GO
1783; PI: A. Adamo) program, we extend previous work done
using the TPCF of YSCs (K. Grasha et al. 2015, 2017;
S. H. Menon et al. 2021) into this new regime.

This work is organized as follows. In Section 2, we outline
the sample of galaxies and the data used in this work. In
Section 3, we outline our methods, providing a description of
the TPCF and models used to characterize its features.
Section 4 comprises our results and discussion. Finally, we
conclude and summarize our work in Section 5.

2. Data

This work makes use of eYSC and YSC catalogs obtained
with data covering four local volume star-forming galaxies from
the JWST-FEAST program. In the sections that follow, we
describe our galaxy sample and the star cluster catalogs used in
this work. All our data products are available at MAST as a
High Level Science Product, via doi:10.17909/6dc1-9h53, and
on the FEAST webpage: https://feast-survey.github.io/.

2.1. Galaxy Sample

All four galaxies in this sample are local volume (D < 11
Mpc) star-forming galaxies: NGCs 628, 4449, 5194, and 5236.
They are all nearly-face-on, grand-design spiral galaxies, with
the exception of NGC 4449, which is an irregular Magellanic-
type dwarf. A summary of the galaxies and their basic
properties can be found in Table 1

2.1.1. NGC 628

NGC 628 is a grand-design spiral galaxy (SAc) with a
nearly-face-on orientation. Located at a distance of 9.84 Mpc
(A. K. Leroy et al. 2021), it is the most distant galaxy in this
sample. The hierarchical distribution of YSCs in NGC 628 has
been studied in the past (K. Grasha et al. 2015, 2017;
S. H. Menon et al. 2021). Previous work has used YSCs
detected in the UV-optical from HST observations as part of
the Legacy ExtraGalactic UV Survey (LEGUS) program
(D. Calzetti et al. 2015; A. Adamo et al. 2017).
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Table 2
HST Data, Science Aperture Radius, and Sky Annulus Radius Used to Create the Optical Catalogs

Galaxy HST/WEC3 HST/ACS Aperture Radius ~ Sky Annulus Radius
(px) (Px)
NGC 628 F275W, F336W F435W, F555W, F658N, 4 6
F814W
NGC 4449  F275W, F336W F435W, F555W, F658N, 5 7
F814W
M5s1 F275W, F336W, F689M F435W, F555W, F658N, 4 6
F814W
M83 F225W, F275W, F336W, F438W, F547M, F555W, F657N, F689M, N/A 5 7
F814W

Note. HST/WFC3 data are from program numbers #13340 (Van Dyk), #12762 (Kuntz), #13364 (Calzetti), #17225 (Calzetti), #11360 (O’Connell), and #12513
(Blair). HST/Advanced Camera for Surveys (ACS) data are from program numbers #10452 (Beckwith), #9796 (Miller), #10402 (Chandar), and #10585 (Aloisi).

All sky annuli have a width of 2 px.

2.1.2. NGC 4449

NGC 4449 is an irregular Magellanic-like galaxy located at
a distance of 4 Mpc (D. Calzetti et al. 2015). It has an
inclination of 68° (D. A. Hunter et al. 2005). Both K. Grasha
et al. (2017) and S. H. Menon et al. (2021) have performed
analysis on the spatial distribution of YSCs in NGC 4449. It is
the only dwarf galaxy in this sample.

2.1.3. M51

M51 (NGC 5194) is a grand-design spiral galaxy (SAbc)
viewed at a nearly-face-on orientation and located at a distance
of 7.5 Mpc (G. Csornyei et al. 2023). Unlike the other galaxies
in this sample, NGC 5194 is currently undergoing an
interaction with a companion galaxy (NGC 5195). Like the
previous two galaxies, the hierarchical distribution of YSCs in
NGC 5194 has also been investigated in previous work
(K. Grasha et al. 2019; S. H. Menon et al. 2021).

2.1.4. M83

MS83 (NGC 5236) is a grand-design spiral galaxy (SABc)
with a central bar. It is oriented nearly face-on and located at a
distance of 4.7 Mpc (L. Della Bruna et al. 2022). No previous
investigations of this kind have been performed on M83.

2.2. Star Cluster Catalogs

In this study, we use the eYSC catalogs obtained from
JWST NIRcam/MIRI observations of NGCs 628, 4449, 5194,
and 5236 as part of the JWST-FEAST program. Likewise, we
use newly derived YSC catalogs from archival HST imaging
of the four galaxies as part of the FEAST program. eYSC and
YSC spectral energy distributions (SEDs) have been analyzed
using CIGALE (M. Boquien et al. 2019), to derive the star
cluster physical properties (age, mass, and extinction). In the
optical YSC catalogs, we select the subsample population of
clusters with ages <10 Myr, here referred to as 0YSCs. In the
section that follows, we briefly describe these catalogs and the
methods used to construct them.

2.2.1. Emerging Young Star Cluster Catalogs

Catalogs of eYSCs have been obtained from the JWST
NIRCam observations in eight bands: F115W, FI150W,
F187N, and F200W (NIRCam short-wavelength channels);

and F277W /F300M, F335M, F405N, and F444W (NIRCam
long-wavelength channels). The construction of these catalogs
and an in-depth description of the FEAST data are presented in
B. Gregg et al. (2024) and A. Knutas et al. (2025), being fully
described in A. Adamo et al. (in preparation).

Images are resampled to a scale of 0.04” pix~' to match the
archival HST data. From these data, emission maps of Paa,
4.05 pm Bra, and 3.3um polycyclic aromatic hydrocarbon
(PAH) are derived (see B. Gregg et al. 2024; A. Pedrini
et al. 2024).

To extract the eYSCs, SourceExtractor (E. Bertin &
S. Arnouts 1996) is run, and compact sources in the
emission-line maps are selected. This catalog is then visually
inspected, to discard any residuals or contaminants. Photo-
metry is performed with a science aperture of radius 5 px and a
sky annulus 2 px wide with an outer radius of 7 px on all
visually confirmed sources. An overlap criterion of 4 px is then
applied. Detailed descriptions of the eYSC catalogs of the
FEAST galaxies can be found in A. Adamo et al (in
preparation), A. Knutas et al. (2025), and A. Pedrini et al.
(2025).

eYSCs detected in these emission maps are divided into two
categories. Sources showing only recombination-line emission
(without 3.3 pm PAH emission) could be indicative of a
spatial separation between the photodissociation and H T
regions, while sources with cospatial ionized H and 3.3 um
PAH emission could be more embedded in their natal H 1I
region. In this framework, the former could be later
evolutionary stages of the latter. Therefore, sources showing
cospatial peaked emission in ionized H and 3.3 ym PAH are
denoted eYSC I, while sources showing only ionized H are
denoted eYSC II.

2.2.2. Optical YSC Catalogs

In this work, we make use of new optical YSC catalogs built
from archival HST data and combined with JWST photometry
as part of the FEAST program. Here, we provide a brief
description of the process used to create the catalogs. An
overview of the photometry used to build the optical catalogs
is given in Table 2. A careful description of the process is
presented in A. Knutas et al. (2025), for the optical catalog of
MS83, and A. Adamo et al. (in preparation), for NGC 628. The
NGC 4449 and M51 optical YSC catalog constructions are
presented in A. Pedrini et al. (2025).
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For NGC 4449 (B. C. Whitmore et al. 2020) and M51
(M. Messa et al. 2018), we used the cluster candidate positions
and morphological classifications as delivered by the LEGUS
project as starting points to rebuild the FEAST catalogs.
Photometry was performed from the UV to 5 um using all
HST and JWST available data with the in-house FEAST
photometry pipeline. Photometry was extracted with a science
aperture of radius 5 px (4 px for M51) and a sky annulus 2 px
wide with an outer radius of 7 px (6 px for M51). The different
aperture sizes are designed to preserve a similar physical scale
across the sample.

In the case of NGC 628, a new optical catalog was
constructed, because the LEGUS field of view (FOV) did not
sufficiently cover the area sampled by the JWST mosaic. For
this catalog, we performed source extraction in HST FS55W to
obtain sources >50 above background levels. Sources with a
concentration index (CI: the difference between the F555W
magnitude measured in a 1 px aperture and 3 px aperture—see
A. Adamo et al. 2017) broader than the stellar one (CI 2 1.2;
A. Knutas et al. 2025) were classified by STARCNET
(G. Pérez et al. 2021), a machine learning algorithm for
automated star cluster classification. The final YSC catalogs
include sources detected in the previous catalog (A. Adamo
et al. 2017) and newly detected objects. Photometry was
performed from the UV to 5 pm using all HST and JWST
available data with the in-house FEAST photometry pipeline
(see A. Adamo et al. in preparation). Photometry was extracted
with a science aperture of radius 4 px and a sky annulus 2 px
wide with a radius of 6 px.

Finally, for M83, detections were made using the publicly
available HST data in F555W and F547M, which cover the
central region and disk. This initial sample was culled, to
retain only sources with a signal-to-noise ratio (S/N) better
than 5 in F438W, F555W, F547M, or F814W; an absolute
magnitude of at least —6 ABmag in F555W or F547M; and
CI > 1.2 mag to exclude single stars. Photometry was
performed in eight HST bands (F225W, F275W, F336W,
F438W, F547M, F555W, F657N, and F814W) and eight
NIRcam bands with a radius of 5 px and a local sky annulus 2
px wide at 7 px. This catalog was then visually inspected and
compared to the YSC catalog from L. Della Bruna et al.
(2022). Our updated catalog includes 7419 of the 7459 sources
from L. Della Bruna et al. (2022) and adds an additional 455,
resulting in 7874 total sources.

2.2.3. Catalog Cuts

We make several cuts to the star cluster catalogs before
performing our analysis. As the YSC and eYSC catalogs are
independently derived, we perform a crossmatch between the
two catalogs (for each galaxy), to make sure there is no cross-
contamination between the eYSCs and YSCs. To do so, we use
a circular aperture with a radius of 4 px that is centered on a
YSC. If any eYSCs fall within the aperture, it is removed from
the eYSC catalog (i.e., it is designated as an oYSC). Only
~5% or less of eYSCs overlap with an oYSC in a given
galaxy. To ensure that the eYSCs are well detected, we make a
further photometric cut requiring S/N > 3 in every available
NIRCam band. In the optical catalogs, only YSCs of
morphological Class 1 (compact symmetric sources), 2
(compact asymmetric sources), and 3 (multiple-peak sources
with diffuse extended emission; A. Adamo et al. 2017) are

Lapeer et al.

used in analysis. We also ensure that only sources within the
JWST footprint are included in the analysis.

Finally, we make cuts based on the quality of a YSC’s SED
fit. For the eYSC and YSC catalogs, we require that the
CIGALE output results have a reduced x> < 50, following
A. Pedrini et al. (2025). We likewise remove all clusters with
ages >300 Myr and masses <200 M. The catalogs are
complete down to ~10°M_, (A. Knutas et al. 2025; A. Pedrini
et al. 2025).

Figure 1 shows our samples overplotted on images of each
galaxy in this sample. The final numbers of eYSC Is, eYSC
IIs, and YSCs are presented in Table 1, and their respective
fractions are shown in Figure 2, for each of our galaxies. The
number of clusters used here varies slightly from what is
presented in A. Pedrini et al. (2025), due to our additional X2
cut. We plot the CIGALE masses against the ages of the YSCs
in Figure 3 for each galaxy in this sample. We address the
possible impact of incompleteness in Appendix A, finding that
the incompleteness has no major impact on our results and
analysis.

3. Methodology
3.1. The TPCF

We make use of the angular TPCF w(f) to quantify the
degree of YSC clustering at various scales in the galaxies,
following the established methodology of K. Grasha et al.
(2015, 2017) and S. H. Menon et al. (2021). In this work, we
use the implementation in the astroML Python package
(J. Vanderplas et al. 2012), which we describe below.

The angular TPCF is defined as the probability above
Poisson of finding two clusters with angular separation 8 at
some physical scale. This probability within a solid angle df2 is
given as

dP = N[1 + w(0)]dS, (1)

where N is the average surface density of the cluster sample.

For a randomly distributed sample, the TPCF is flat, i.e.,
1 + w(f) = 1, while for a sample showing clustering 1 + w
() > 1 at smaller scales, it has a generally decreasing trend. A
self-similar distribution is expected to produce a correlation
function of the form

Y
1+ w®) = (i) , 2)

To

where 7y is the characteristic length scale on which the
clustering takes place, and 7 describes the hierarchical
ordering (see D. Calzetti et al. 1989).

w(f) is calculated using the catalog of “real” data points
(clusters) and a catalog of “false” data points generated
randomly in position. The number of real pairs (DD(6)), false
pairs (RR(#)), and real-false pairs (DR(f)) within some
angular bin are computed, and w(f) is estimated. astroML
allows for the selection of one of several estimators for w(6).
Here, we make use of the Landy-Szalay estimator
(S. D. Landy & A. S. Szalay 1993), which takes the form

DD(#) — 2DR(6) + RR(0)

wrs(@) = RR(0)

3
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Figure 1. The positions of eYSCs (pink) and YSCs (blue) in each of the sample galaxies, with the scale bars indicating length scales corresponding to 2'. Visually,
eYSCs tend to trace spiral-arm structures compared to YSCs, which are more evenly distributed throughout the galaxy. The background images of galaxies are taken

from the Digitized Sky Survey (M. Sako et al. 2018).

DD(#), DR(0), and RR(0) are normalized to the total number
of pairs in each catalog, calculated as

DD(0) = M, 4)
NpNp
DR(@) _ NPairs, R+D’ (5)
NpNr
and
RR(M) = M, (6)
NrNRr

where NpairsR> NVpairs,R+D» and Npyirs p are the numbers of false—
false, real—false, and real-real pairs, respectively, while Np and
N are the total numbers of real and false points, respectively.

For our analysis, we use 20 equally spaced angular
separation bins, ranging from the resolution limits of the
observations (~5 pc) to the approximate size of the FOV.
Angular separation bins that approach the size of the FOV are
also susceptible to edge effects, due to the diminishing number
of pairs. S. H. Menon et al. (2021) showed that at ~0,,,,/5 and

beyond, where 6,.x is the FOV size of the observations,
interpretations of results are susceptible to influence due to
edge effects. We highlight this region when presenting the
TPCFs (see, e.g., Figure 5).

3.2. Deprojection

To avoid issues caused by the inclination of the sample
galaxies, we deproject cluster positions from the plane of the
sky to the plane of the galactic disk for NGC 4449 (i ~ 68°;
D. A. Hunter et al. 2005). Galaxies with inclination i < 40°
experience minimal impact on the derived separations from
inclination effects, hence we do not perform the deprojection
on any of the other galaxies in this sample (K. Grasha
et al. 2015).

To perform the deprojection, the initial x and y positions in
the plane of the galaxy are transformed, such that

x'=xcosf + ysinf
—xsinf + ycosf
Y = Y (7)

CcoS1i
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Figure 2. The relative frequencies of eYSC Is (orange), eYSC IIs (pink), and
YSCs (blue) for each of our galaxies, designated on the x-axis. The total
number of clusters is shown under the galaxy name. eYSCs tend to comprise
~30%-50% of the postcut catalog.

where the position angle 6 is determined from the orientation
of the observed FOV, and x' and y’ are the deprojected
positions of the clusters.

3.3. Model Fitting

In order to quantify the observed features in the TPCFs and
derive physical quantities from them, we fit each computed
TPCF to three models, selecting one best-fit model using a
goodness-of-fit test. Our fitting routine is described in detail in
Appendix B. The models used here are a single power law, a
piecewise power law, and a power law with an exponential
truncation. The models and fitting procedure are identical to
those presented in S. H. Menon et al. (2021). While previous
work typically focused on only using single-power-law models
to describe TPCFs, S. H. Menon et al. (2021) found that the
three models described below can account for the underlying
distributions implied by TPCFs and provide a means to
directly quantify the features and physical quantities inferred
from TPCFs. The models used in this analysis are visualized in
Figure 4, which also provides an overview of the physical
quantities derived from each, described further in Section 4.4.
In the following, we describe each of the models.

3.3.1. Single-power-law Model

The single-power-law model is given as
1 + w(0) = A6, ®)

where A is the clustering amplitude, and « is the slope. The
TPCEF of a self-similar fractal distribution is a single power law
of the form 1 + w(f) o< 8 (D. Calzetti et al. 1989), with the
slope related to the two-dimensional fractal index such that
D, = o + 2. A population of star clusters that has a fractal and
self-similar underlying distribution can arise from the fractal
nature of the natal gas clusters are born in (B. G. Elmegr-
een 2018). The youngest cluster populations, which are closely
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linked to their natal gas, should align with this model, as found
by S. H. Menon et al. (2021).

3.3.2. Piecewise-power-law Model

The second model, a piecewise power law, can be written as

A]@a‘ if 0 < /8,

Ay 02 if 0>, ©)

1+w(0)={

where (3 is the transition point, and a; and A; correspond to the
amplitude and slope for § < @ and 6 > [, respectively. The
piecewise model represents cluster populations for which the
underlying distribution is clearly self-similar up to some point
0, where the underlying distribution becomes flatter if a, — 0.
In practice, if o, ~ 0, 3 represents the maximum scale up to
which the underlying distribution is fractal. Otherwise, the
underlying distribution does not approach a truly random
distribution and instead remains nonuniform, due to the
underlying structure of the galaxy.

3.3.3. Power-law-with-exponential-cutoff Model

The third model we use for fitting is a power law with an
exponential cutoff, given as

c

1+ w() =A0" exp(gi), (10)

with 6, providing the angular scale at which the TPCF begins
falling off exponentially. A and « are defined in the same way
as for both other models, hence D, can be calculated as o + 2.
This model provides an upper limit on .o if l.orr < 6. This
model tends to best represent the TPCFs of older cluster
populations, reflecting the randomization of their distribution
as a cluster population ages (S. H. Menon et al. 2021).

4. Results and Discussion
4.1. TPCFs

Figure 5 presents the calculated TPCFs from the spatial
distribution of eYSC Is, eYSC IIs, combined eYSC classes,
0YSCs with age <10 Myr, and YSCs with age >10 My, for each
of the four galaxies in this sample. The reported error bars are
calculated via bootstrapping. We ensure this approach provides an
adequate measure of error in Appendix C. The TPCFs are
calculated across 20 angular separation bins, corresponding to
separations of 1-5000 pc, spaced logarithmically. We mask out
angular separation bins for which 1 4+ w(f) < 0 and bins where w
(0) is smaller than the bootstrap calculated error, as both of these
situations arise due to a low number of pairs in a given angular
separation bin. We also provide a physical scale in units of
parsecs, for ease of interpretation.

Several trends are immediately apparent from Figure 5.
First, the TPCFs of the eYSC populations exhibit near-
identical degrees of clustering in each of our galaxies. As the
separation in age between eYSC Is and IIs is expected to be
small, this is not surprising. Now looking at the three spirals in
this sample (NGC 628, M51, and M83), the >10 Myr YSC
populations are all nearly flat, indicating little to no spatial
clustering. This implies a randomization timescale of order
~10 Myr, aligning with previous findings (K. Grasha et al.
2015, 2017, 2018, 2019; S. H. Menon et al. 2021; J. A. Turner
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Figure 3. Mass plotted against age for the YSCs in each of the galaxies in this sample. The blue stars, orange circles, and pink diamonds represent YSCs, eYSC Is,

and eYSC IIs, respectively.

et al. 2022). The TPCFs of the young oYSC population (<10
Myr) in M51 and M83 are very similar to the TPCFs of the
eYSC populations, while in NGC 628, there is a clear
difference between the TPCFs. This finding implies that NGC
628 has a somewhat shorter randomization timescale than the
other two spirals.

NGC 4449, the only dwarf in this sample, appears to have
TPCFs with very similar clustering amplitudes across the
populations. There is, however, a hint that the perfect self-
similarity breaks down at the oldest ages: while the eYSCs and
young /intermediate YSCs (out to 100 Myr) align well, the
oldest YSC TPCFs—those older than 100 Myr—have a
shallower slope (see Table 3). This may be due to the lack of
shear in NGC 4449 compared to the spirals, leading to less
dramatic spatial randomization across the YSC populations.

Qualitatively, the TPCFs all seem to imply that the spatial
distribution of clusters becomes randomized on timescales of

210 Myr. The eYSCs and young 0YSCs share very similar
spatial distributions but are both noticeably different from the
old YSC population. This aligns with previous results, all of
which have found significant variation between the TPCFs of
young and old clusters. The older clusters in all of the galaxies
have TPCFs that are generally flat at smaller separations and
taper off at larger separations. As cluster populations age, they
disperse throughout their host galaxy, forgetting the hierarch-
ical structure imparted on the population at birth. In the
following sections, we further expand upon the temporal
evolution of the TPCFs and quantify the differences between
the different cluster populations across this sample.

4.2. Temporal Evolution of TPCFs

To further investigate the changes due to the time evolution
of a given cluster population, we make three age cuts to our
cluster catalogs. We bin a combined catalog of eYSCs and
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1+ w(0) [arbitrary]
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Figure 4. A brief overview of the models used in our analysis, along with the
quantities derived from each. The single, piecewise, and exponential
truncation power-law models are shown in pink, blue, and orange,
respectively. The fractal index D, is calculated from the inner slope of each
of the models, while each model provides different constraints on the
maximum scale of hierarchy I.,,. Figure adapted from S. H. Menon
et al. (2021).

YSCs into (0, 10], (10, 100], and (100, 300] Myr age bins, then
compute the TPCFs of each age bin across our galaxy sample.
None of the eYSCs have ages >10 Myr, hence the final two
age bins are comprised of only YSCs. We use the same bins
and masking routine described above. These TPCFs are
presented in Figure 6.

Across this sample, the youngest age bins have TPCFs that
show high levels of spatial correlation. The middle age bins all
exhibit a significantly smaller level of spatial clustering but are
generally more clustered than the oldest age bin. The exception
to this is NGC 628, where the middle and oldest age bins
exhibit very similar clustering amplitudes, implying that
spatial randomization occurs at <10 Myr. This change in
randomization timescale compared to the other spirals in our
sample may be due to the fact that NGC 628 has weaker disk
dynamics compared to M51 and M83, which have strong-arm
disks and a central bar, respectively. While the eYSC and YSC
TPCFs of NGC 4449 exhibit very similar behaviors in
Figure 5, the age-binned samples have distinct behavior,
aligning with the spirals in this sample.

The behavior of the TPCFs in Figure 5 implies that as clusters
age, their spatial distribution approaches a random distribution.
This is shown clearly and hence confirmed by the age binning
for all cluster results in Figure 6. Previous work has shown very
similar results (M. C. Odekon 2006; N. Sanchez &
E. J. Alfaro 2009; K. Grasha et al. 2015, 2017, 2018, 2019;
S. H. Menon et al. 2021; J. A. Turner et al. 2022).

There is a noticeable dip in the TPCFs present in the
youngest age bin for each of the spiral galaxies in this sample,
occurring at separation scales <10 pc. In theory, the TPCFs of
cluster populations are expected to produce this feature due to
the impacts of random motions of the clusters themselves and
should only appear in cluster populations with a fine temporal
separation in the formation (see B. G. Elmegreen 2018).
However, because of angular resolution limitations, our YSC
catalogs are not complete for the separations at which this
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feature is seen. While theoretically expected, this feature is
likely the result of incompleteness at small spatial separations
and not a true detection.

4.3. Quantifying the Behavior of TPCFs

To further solidify the results discussed in the previous two
sections, we also present best-fit models for each of the TPCFs
shown in Figures 5 and 6 in Table 3. We also visualize best-fit
models alongside the corresponding TPCFs in Figures 7 and 8
for the eYSCs/0oYSCs and all cluster-age-binned TPCFs,
respectively.

In a given galaxy, the TPCFs of different eYSC samples all
tend to have similar best-fit values of the inner power-law
slope . Nearly all of the eYSC populations are best fit by the
piecewise-power-law model. The exceptions are the eYSC I
bin in NGC 4449 and the eYSC II bin in M83, which are both
fit by single power laws. The eYSC models in NGCs 628 and
4449 have very prominent breaks in the power law, with the
break in NGC 4449 happening near the edge of the angular
separation bins. This could possibly be due to the influence of
edge effects. The power-law breaks are much less prominent in
MS83 and MS5I1, implying a moderate deviation from the
underlying fractal distribution at larger scales.

YSCs with ages >10 Myr are best fit by the exponential
truncation model in NGC 628 and M51. In NGC 4449 and
MS83, this bin is best fit by a broken power law, with a, < a;.
The exponential truncation model implies that the oldest star
clusters approach a radially distributed random distribution as
they age (see the discussion in S. H. Menon et al. 2021) in the
spiral galaxies. In the case of NGC 4449 and M83, it may be
the case that edge effects limit our ability to detect the
truncation, due to those galaxies being nearest and hence
having the smallest FOVs. In NGC 4449, the old-age-bin
YSC:s still show some degree of fractality in their underlying
distribution, possibly due to the irregular morphology of the
galaxy. The lack of shear in NGC 4449 possibly maintains this
fractality, consistent with the similar amplitudes shown in
Figure 5. Indeed, F. Renaud et al. (2024) find that shear
decreases with decreasing gas fraction, consistent with this
picture for a metal-poor starburst galaxy like NGC 4449.

Looking at the combined eYSC+YSC age bins, the
youngest-age-bin (0, 10] Myr TPCFs are all best fit by
piecewise power laws. NGC 4449 and MS83 again have
o, < oy in this bin, implying that these populations may be
representative of a truly hierarchical distribution up to larger
scales and that the combination of edge effects and a limited
FOV is again influencing our results.

The (100, 300] Myr bin is best fit by a variety of models across
the sample. In NGC 628 and M51, this age bin is best fit by the
truncated model, while NGC 4449 and M83 are best fit by single
and piecewise power laws, respectively. This implies the oldest
cluster populations in these galaxies still exhibit some degree of
underlying hierarchical ordering, although both have smaller
amplitudes compared to their (10, 100] Myr age bin TPCFs.
Interestingly, only M51 and NGC 628 imply a nearly true
Poisson distribution in this age bin, along with the (0, 100] Myr
bin in NGC 628. In M51, the relatively strong shear and/or the
interaction with its companion galaxy may be driving the
randomization of the spatial distribution. M83 and NGC 4449
both show clear signs of nonuniformity in the spatial distributions
of the (100, 300] Myr bin. T. Kim et al. (2024) find that bar-
driven shear can inhibit star formation in massive galaxies, such
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Figure 5. The TPCFs of five cluster samples in each of our four galaxies: eYSC Is, IIs, and Is+IIs (pink circles, blue squares, and orange stars, respectively), 0YSCs
with age < 10 Myr (purple diamonds), and YSCs with age > 10 Myr (magenta crosses). The points represent the TPCFs calculated in that angular separation bin,
and the error bars are calculated via bootstrapping. The bottom axes provide angular separation scales, while those same scales are converted into physical units of
parsecs, for ease of interpretation. The shaded regions correspond to separation bins >0, /5 where edge effects may influence the results (see the discussion in
S. H. Menon et al. 2021).

as M83, which may explain the longer randomization timescales has a change in the degree of underlying hierarchy. /., should
implied by the TPCFs. Y. Ni et al. (2025) also find that in align with the largest gas structures in a given galaxy
simulations, shear plays an important role in regulating star (Y. N. Efremov 1995; i.e., the largest scale up to which the
formation at cloud scales, aligning with our findings here. spatial distributions trace the underlying fractal ISM), while
D, has been proposed to hold a universal value of D, ~ 1.3 if

4.4. Physical Quantities from TPCFs the star formation process is universal (e.g., J. V. Feitzinger &

T. Galinski 1987; B. G. Elmegreen & E. Falgarone 1996). That

The final portion of our analysis focuses on obtaining the S o ' . .
is, if the self-similar hierarchy observed is set self-consistently

physical quantities D, and I, from the TPCFs. The parameter

D, represents the fullness of the underlying distribution. A by turbulence in the ISM, D, should be universal (B. G. Elm-
value of D, = 2 represents a completely random distribution egreen & J. Scalo 2004). In Table 4, we provide both of these
(with points evenly distributed across a plane). The correlation quantities, along with their 16th and 84th percentile errors, for
length, I.., describes the scale where the nature of the each of the eight cluster populations across our galaxy sample.
underlying distribution shifts from hierarchical to random or These results are also visualized in Figures 9 and 10.
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Table 3
Summaries of the Best-fit Models for Each Cluster Population for Each Galaxy in Our Sample
1 @) (3) ) (5) (6) @)
Galaxy Cluster Class Best-fit Model Qay o2 5] 0.
(pc) (pc)
NGC 628 eYSC I PW -1.02 —0.519 227.0
eYSC II PW —0.946 —0.532 263.0
eYSCI +1I PW —-0.921 —0.564 281.0
0oYSC < 10 Myr PW —0.717 —0.389 114.0
YSC > 10 yr T —0.142 6830.0
(0, 10] Myr PW —0.761 —0.38 218.0
(10, 100] Myr T —0.18 9160.0
(100, 300] Myr T —0.205 6400.0
NGC 4449 eYSC I PL —0.669
eYSC II PW —0.961 —0.288 2050.0
eYSCI + II PW —0.811 —0.237 1910.0
0YSC < 10 Myr T —0.544 7190.0
YSC > 10 yr PW —0.276 —0.985 424.0
(0, 10] Myr PW —0.728 —1.01 651.0
(10, 100] Myr PW —0.401 —0.983 352.0
(100, 300] Myr PL —-0.47
M51 eYSC 1 PW —0.794 —0.505 73.9
eYSC II PW —0.529 —0.952 1930.0
eYSCI +1I PW —0.694 —0.515 102.0
oYSC < 10 Myr PW —0.53 —0.807 927.0
YSC > 10 yr T —0.191 5500.0
(0, 10] Myr PW —0.49 —0.68 1330.0
(10, 100] Myr T —0.315 8590.0
(100, 300] Myr T —0.14 4770.0
MS83 eYSC I PW —0.617 —1.01 433.0
eYSC II PL —0.776
eYSCI + 11 PW —0.671 —-0.932 458.0
oYSC < 10 Myr T —0.645 8290.0
YSC > 10 yr PW —-0.315 —0.904 885.0
(0, 10] Myr PW —0.546 —0.959 567.0
(10, 100] Myr PW —0.376 —0.827 727.0
(100, 300] Myr PW —0.248 —0.98 1380.0

Note. Column (1): the name of the galaxy. Column (2): the eight cluster populations the analysis was performed on. Column (3): the model that was deemed to best
fit that population's TPCF, with “PL,” “PW,” and “T” corresponding to the single, piecewise, and truncated power-law models, respectively. Column (4): the inner
power-law slope a;. Column (5): the outer power-law slope a,, when applicable. Column (6): the break scale 3 in units of parsecs, when applicable. Column (7): the

exponential truncation radius 6, in units of parsecs, when applicable.

4.4.1. Two-dimensional Fractal Indices

Generally, the values of D, derived from the TPCFs here
increase with older cluster populations across this sample of
galaxies. eYSCs and oYSCs with ages <10 Myr tend to have
similar values of D,, while the >10 Myr YSC populations have
noticeably higher values, except in NGC 4449. The eYSC +
YSC age-binned populations all have agreeable results across
the populations in each of our galaxies and exhibit a clear
increase between the youngest age bin and the middle/oldest
age bins. This further aligns with the framework of hierarchical
cluster populations dispersing as the population ages.

Recent studies deriving D, from the spatial distributions of
young star-forming clumps (G. Shashank et al. 2025) and
YSCs detected in the UV /optical (K. Grasha et al. 2017;
S. H. Menon et al. 2021; G. Shashank et al. 2025) find
significant variations in D, across their samples of galaxies,
challenging the proposed theoretical value and implying some
dependence on the star formation process of galaxy-wide
properties. It has generally been found that D, € [0.9, 1.5] for

10

local volume star-forming galaxies (e.g., B. G. Elmegreen
et al. 2006; R. A. Scheepmaker et al. 2009; K. Grasha et al.
2017; S. H. Menon et al. 2021; G. Shashank et al. 2025).
Young clusters are more closely coupled to the natal gas
they arise from and should act as more robust tracers of the
self-similar and hierarchical distribution they are born from.
The youngest populations in this sample—the eYSCs, young
0YSCs, and all clusters with ages <10 Myr—all produce
values of D, that align remarkably well with each other,
generally agreeing within a ~1.50 error. This contrasts with
the findings of S. H. Menon et al. (2021) and G. Shashank
et al. (2025), who both find significant variation in D, from
galaxy to galaxy. this sample, although only consisting of four
galaxies, has significantly better number statistics than
S. H. Menon et al. (2021) and G. Shashank et al. (2025),
including eYSCs that are still embedded in their natal clouds
and subsequently more intimately linked to the underlying
fractal ISM. This should, in theory, result in better estimations
of D,. Due to this and having the best number statistics, the
(0, 10] Myr age bin should provide the best measurement of
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Figure 6. TPCFs of the complete cluster catalogs (eYSCs + YSCs) binned by age into three bins, corresponding to ages in the ranges (0, 10] Myr (pink circles), (10,
100] Myr (blue squares), and (100, 300] Myr (orange stars). The points are the calculated values, and the error bars are calculated via bootstrapping. The bottom and

top x-axes are the same as in Figure 5.

D5. In this bin, we find for NGC 628, NGC 4449, M51, and
MR83 that D, {1.24, 1.27, 1.51, 1.45}, respectively
(Figure 9).

Recently, NGC 628 has been found to have much lower
values of D, compared to similar galaxies (e.g., S. H. Menon
et al. 2021 found that D, ~ 0.9). We find that D, = 1.247:312,
agreeing with the theoretical expectation but also tending
toward a higher value. This suggests that previous measure-
ments may have been biased, due to incompleteness in the
sample, and points to the fact that 0YSCs are inherently less
coupled to the ISM compared to our eYSC catalogs. The two
other spirals, M51 and M83, have slightly higher values of D,,
with D, = 1.51709%7 and 1.45709137 respectively. While
higher than the expected D, =~ 1.3, these values are notably
not substantially higher or lower than ~1.3. Slight deviations

from ~1.3 may be due to a variety of galaxy-specific factors

~
~

11

(e.g., M51 is actively interacting with a companion and M83
has a central bar). We find that D, = 1.2710}47, in NGC 4449,

completely consistent with the theoretically expected value.

4.4.2. Maximum Scale of Hierarchy

We find a range of I, across this sample. The youngest
populations of clusters should have underlying distributions
that most closely reflect that of the underlying structure of the
ISM, hence we take the youngest YSC age bin to provide the
best values of .. Values for other cluster populations are
provided for the sake of completeness.

In the spiral galaxies, we find vales of [, that range from a
few hundred to ~1000 pc. In most cases, when t.., is
estimated from the piecewise-power-law model, the transition
in slopes at § is minimal at best (M51) or the model has
steeper a, in the regime where edge effects may influence the
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Figure 7. The same as Figure 5 but with the best-fit model overplotted alongside its corresponding TPCF in the same color. The solid lines correspond to the single-
power-law model, the dashed lines correspond to the piecewise-power-law model, and the dotted lines correspond to the exponential truncation model.

estimated values of the TPCF (M83 and NGC 4449). NGC 628
is the only galaxy in which the youngest age bin exhibits a
clear visual break in the TPCF, hence it provides what can be
considered as the only good estimate of 1.,. This is potentially
due to it being the most distant galaxy in this sample, hence
edge effects are less prominent. The youngest age bin for all
clusters agrees very well with the values produced by the
eYSC populations, with 1., = 210-300 pc in these cases. This

aligns well with a recent value of 1., = 190:{8

reported by

S. H. Menon et al. (2021). The values estimated from older
cluster populations generally provide constraints that agree
among themselves, with each of the galaxies exhibiting clear
differences in values with the others (see Figure 10).

The lack of clear visual breaks in the other galaxies may be
due to edge effects. That is, the distributions are likely to be

12

representative of a truly hierarchical scale-free distribution
(which should produce single-power-law TPCFs), but the
influence of edge effects results in TPCFs that are best fit by
piecewise-power-law models. This suggests that in NGC 4449,
M51, and M83, the distributions remain hierarchical beyond
the derived values of I .

5. Summary and Conclusions

In this work, we build on previous results and established
methodology by applying the angular TPCF to the spatial
distribution of YSCs in several nearby galaxies. We extend
previous work by using new eYSC and YSC catalogs produced
as part of the JWST-FEAST program. By including emerging-
phase infrared-detected YSCs and increasing the number
statistics, we trace the ISM’s hierarchical structure at younger
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timescales—which are more directly linked to cluster formation
—than were possible with HST-only catalogs.

Across a sample of three spiral galaxies (NGC 628, M51,
and M83) and one dwarf (NGC 4449), we separate the star
cluster catalogs into several bins, according to SED-derived
ages or morphological classification (see Sections 2.2.1 and
2.2.2). We compute the TPCFs for each bin and determine
which of three models best fits the TPCF using a Markov
Chain Monte Carlo (MCMC)-oriented approach. Our main
findings are summarized below:

1. 0YSCs with ages <10 Myr and eYSCs have TPCFs that
imply very similar underlying fractal distributions across
this sample of galaxies. eYSC Is, IIs, and a combined
population of both have TPCFs that have very little

13

difference. YSCs with ages >10 Myr have TPCFs that
exhibit little to no spatial correlation, implying that
cluster populations detected in the optical begin to
become randomly distributed at ages =10 Myr.

. Generally, we find that the TPCFs of clusters with ages

in the range (0, 10] Myr exhibit a clear behavior of
having underlying hierarchical distributions in space, in
agreement with previous results from K. Grasha et al.
(2015, 2017, 2019) and S. H. Menon et al. (2021). Older
clusters with ages in the range (100, 300] Myr have
TPCFs that show a clear deviation from this behavior
and imply nearly-Poisson underlying distributions,
interpreted as the randomization of the distribution as
the clusters disperse throughout their host galaxy.
Clusters with ages in the range (10, 100] still tend to
exhibit some degree of hierarchical structure in their
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Table 4
Summary of the Physical Quantities Derived from the TPCFs
1) 2 3) )
Galaxy Cluster Class D, Leorr
(pe)
NGC 628 eYSC I 0.98170132 227.053430
eYSC II 1054018, 263.049950
eYSCT+ I 10815933 281.0+1190
0YSC < 10 Myr 1.2875347 114.0737700
YSC > 10 yr 1.86+0.9208 <6830.0186%9
(0, 10] Myr 12479342, 218.07752,
(10, 100] Myr 1.8210:0271 <9160.0715399
(100, 300] Myr 18795288 <6400.0738399
NGC 4449 eYSC I 13345047 >2880.0*13390
eYSC II 104533734 2050.07328,
eYSCI+ 11 1.194393%3 1910.0+{89,
0YSC < 10 Myr 146755938 <7190.07$8259
YSC > 10 yr 172*8-}%} 424.011290
(0, 10] Myr 12723443, 651.073359
(10, 100] Myr 165018, 352041880
(100, 300] Myr 1.53*+9:12¢ >2930.07 13400
M51 eYSC I 12170134 73.9%37)
eYSC II 1.4729939 1930.0113600
eYSCI+ I 13150038, 102.0%37300
0YSC < 10 Myr 1.47+0937 927.043330
YSC > 10 yr 1.8119:9342 <5500.0733¢9
(0, 10] Myr 15183917 1330.053%74
(10, 100] Myr 1.681093% <8590.07189
(100, 300] Myr 1.8673%% <4770.0112200
M83 eYSC I 13830338 433.01332
eYSC I 122435201 >2880.07 13790
eYSCI + Il 133100564 458.0723%
0YSC < 10 Myr 1.3679315¢ <8290.0+17259
YSC > 10 yr 168759204 885.01822
(0, 10] Myr 1.45t8_8;3§ 567.07%45
(10, 100] Myr 162795312 727.05149
(100, 300] Myr 175500333 1380.01929

Note. Column (1): galaxy name. Column (2): cluster class. Column (3): fractal
index D,. Column (4): the scale at which there is a slope transition in the
TPCF .o The error bars are the 16th and 84th percentile errors derived from
the posterior distributions of the fits.

underlying distributions but noticeably less so than
younger cluster populations.

3. As an exception to the above, older cluster populations in
NGC 4449 still exhibit a clear hierarchical ordering. We
propose that this may be due to the lack of shear
experienced by the galaxy, as it is the only dwarf in this
sample.

4. The derived values of the two-dimensional fractal index
D, tend to agree for the youngest and oldest cluster
populations. The youngest populations produce values of
D, that align better with the prediction of D, ~ 1.3 for a
universal star formation process than those reported in
previous works. Clusters with ages in the range (10, 300]
Myr have values of D, that approach the value of a
Poisson (random) distribution.

Our analysis seems to hint toward a uniform picture of
hierarchical star formation across galaxies. Future work
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leveraging other analysis methods for spatial point processes
(e.g., an inhomogeneous K-function approach) could expand
on the results presented here. Cluster populations across all of
our spirals indicate a moderate level of similarity in their
underlying hierarchical structure. The only dwarf in this
sample, NGC 4449, is a clear outlier in the behavior of its
TPCFs. In particular, hierarchical clustering in this galaxy
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appears to persist beyond ~100 Myr, a much older age than
for the spirals; this behavior may possibly be due to the much
weaker shear present in the dwarf, which will enable the
preservation of the clustering for longer times than in the
spirals. Its different morphology and worse number statistics
make direct comparisons between this system and the other
galaxies challenging. Future work using eYSC catalogs in
more dwarf galaxies may reveal similar trends in that
population of galaxies and continue pointing toward a
somewhat homogeneous picture regarding the hierarchical
nature of star formation.
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Appendix A
Impact of Completeness on Calculated TPCFs

The FEAST eYSC catalogs are complete down to ~1000
M_; however, older age bins, specifically the (10-100] and
(100-300] Myr bins, suffer from incompleteness below
~10*°M_,. To confirm that the completeness in these bins
does not drastically affect our TPCFs, we recompute the
TPCFs for the (10-100] and (100-300] Myr age bins using
YSCs with masses >10° and >10°°M., respectively. We
show the mass-cut TPCFs along with those of the full sample
in Figure 11. The mass-cut TPCFs are nearly identical to
those using the original TPCFs, hence the incompleteness of
the older age bins has no major impact on our results and
analysis.
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Appendix B
Fitting Routine

To fit each of the models described in Section 3.3 and
determine which provides the best fit to a given TPCF, we
employ an MCMC approach. For the single-power-law model,
we fit for the parameter vector A = (A, «). In the case of the
broken power law, we fit for A = (4;, oy, a»), under the
assumption that the amplitude is continuous, i.e., Ay = A, 3N,
The exponential cutoff model is fit with A = (A, «y, 6,).

We fit using a likelihood function of the form

D(0) — M)

1 ’
2 op(0) '

in which D(0) is simply 1 + w(f) for a given bin 6, M(8|)) is
the model value at that separation bin, and op(6) is the error
in 1 + w(#) for the separation bin §. The priors for the

L= (B1)
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models are as follows: —10 < A; < 10, =5 < {ay, an} <0,
emin. < ﬂ < emam and emin. < ecut < Hmax.' HCI‘C, emin and emax
are the smallest and largest angular separation bins used for
fitting, respectively. For the fitting, we make use of emcee
(D. Foreman-Mackey et al. 2013), a Python-based MCMC
code. We run the MCMC for a total 5200 steps, with 500
walkers, discarding the first 200 as burn-in. The convergence
of the parameters is visually confirmed.

To determine which model best fits a given TPCF, we
compute a modified Akaike Information Criterion (AIC;
H. Akaike 1974) for each model’s best fit to a TPCF. Here,
we use the corrected AIC from C. M. Hurvich & C.-L. Tsai
(1989), which takes the form

2NNy + 1)

AIC = 2Ny — 21n(Lomay) +
Ny—n, -1

(B2)
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where N, is the number of parameters being fit, £, is the
maximum of the likelihood function, and N, is the number of
bins that 1 + w(#) is calculated over. The model that minimizes
Equation (B2) is deemed the best-fit model for a given TPCF.

Appendix C
Testing Error Estimation of TPCFs

We perform additional tests to ensure that our estimation of
error (via bootstrapping) is viable for the fitting of determi-
nistic functions to the TPCFs. To do this, we compute the
TPCFs across 100 iterations of eYSC I positions, with each
iteration being subject to a random perturbation in its R.A. and
decl. The distribution of the resulting TPCFs is then compared
to the values presented above.

Spatial perturbations are computed assuming a maximum shift
in (x, y) of 20 pc. A maximum of 20 pc is chosen under the
assumption that if a star cluster has some random bulk motion ~2
km s_l, with maximum age ~10 Myr, then it will move a
maximum of 20 pc from its birth site. That is, we shift each pair of
R.A. and decl. values by some random values 6x and dy, where

" evscr
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20 pc > +/6x% + 6y?. For some random angle 6 € [0, 27) and
total shift s = 20 pc x a with a € [0, 1), éx and dy are calculated as

ox
by

s cos(6)
s sin(6). €D

For each of the 100 iterations, the ith point is shifted such that

i = Xi+0x; =x; + s;cos(b;
/ X; X; = X, S, . () )
i+ 6)’,‘ =yt sin(;),

for random 6; and s; as described above.

If random variations in the spatial distribution produce TPCFs
aligned with our results with errors calculated via bootstrapping,
it follows that bootstrapping provides an adequate estimate of
error, in turn validating our fits to the TPCFs. Figure 12 shows
the results of this test for the eYSC Is across the sample. It is
visually apparent that the points with errors calculated via
bootstrapping (i.e., those used for fitting) are in agreement with
the range of values calculated via the random perturbation test.
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Figure 12. The TPCFs of eYSC Is across the sample with errors calculated via bootstrapping (blue squares) plotted alongside the results for 100 random
perturbations to the eYSC I positions (opaque pink stars and lines) and the median of the random perturbation sample (pink circles).
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